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Abstract

BACKGROUND & AIMS: Acute diarrheal diseases are the second most common cause of infant 

mortality in developing countries. This is contributed to by lack of effective drug therapy that 

shortens the duration or lessens the volume of diarrhea. The epithelial brush border sodium (Na+)/

hydrogen (H+) exchanger 3 (NHE3) accounts for a major component of intestinal Na+ absorption 

and is inhibited in most diarrheas. Because increased intestinal Na+ absorption can rehydrate 

patients with diarrhea, NHE3 has been suggested as a potential druggable target for drug therapy 

for diarrhea.

METHODS: A peptide (sodium-hydrogen exchanger 3 stimulatory peptide [N3SP]) was 

synthesized to mimic the part of the NHE3 C-terminus that forms a multiprotein complex that 

inhibits NHE3 activity. The effect of N3SP on NHE3 activity was evaluated in NHE3-transfected 

fibroblasts null for other plasma membrane NHEs, a human colon cancer cell line that models 

intestinal absorptive enterocytes (Caco-2/BBe), human enteroids, and mouse intestine in vitro and 

in vivo. N3SP was delivered into cells via a hydrophobic fluorescent maleimide or nanoparticles.

RESULTS: N3SP uptake stimulated NHE3 activity at nmol/L concentrations under basal 

conditions and partially reversed the reduced NHE3 activity caused by elevated adenosine 3′,5′-
cyclic monophosphate, guanosine 3′,5′-cyclic monophosphate, and Ca2+ in cell lines and in in 

vitro mouse intestine. N3SP also stimulated intestinal fluid absorption in the mouse small intestine 

in vivo and prevented cholera toxin–, Escherichia coli heat-stable enterotoxin–, and cluster of 

differentiation 3 inflammation–induced fluid secretion in a live mouse intestinal loop model.

CONCLUSIONS: These findings suggest pharmacologic stimulation of NHE3 activity as an 

efficacious approach for the treatment of moderate/severe diarrheal diseases.

Graphical Abstract
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The epithelial brush border (BB) sodium (Na+)/hydrogen (H+) exchanger 3 (NHE3) 

accounts for a major fraction of intestinal and renal Na+ absorption by taking part in 

the process called neutral NaCl absorption.1–3 In this process, NHE3 is linked to BB 

Cl−/HCO3
− exchangers of the solute carrier family 26 member (SLC26A) gene family, 

thought to be primarily SLC26A3.4–7 NHE3 is highly regulated as part of digestion, initially 

being inhibited, which contributes to the spreading of digestive enzymes over the absorptive/

digestive surface, and then stimulated later in digestion, which helps avoid postprandial 

dehydration.1,3,8–11

In almost all diarrheal diseases, NHE3 activity is inhibited, mimicking the early stages of 

digestion, although with a prolonged time course.10,11 The cyclical inhibition/stimulation 

of NHE3 occurs via 2 large signaling complexes that form on its intracellular regulatory 

domain (~aa 455–832).8,9,12–16 One complex is involved in acute stimulation and the other 

primarily in acute inhibition. Previous studies conducted by us and others have defined a 

region of the NHE3 C-terminus (aa 586–605) that interacts primarily with proteins that 

inhibit NHE3 activity; although some NHE3 stimulatory proteins bind in this area as 

well.9,14–18 The significance of this site has been confirmed by mutational studies and 

interactions validated by coprecipitation experiments and in vitro binding studies with 

NHE3 C-terminus truncated to aa 605, but not aa 585. Proteins that interact with NHE3 

at this site include calcium/calmodulin-dependent protein kinase type II-δ, casein kinase 

2, Na+/H+ exchanger regulatory factors 1 to 4, phosphoinositide phospholipase C-γ, and 
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calmodulin (Figure 1A),13,16 whereas inositol 1,4,5 triphosphate (IP3) receptor binding 

protein released with IP3 (IRBIT) binds to NHE3 between aa 585 and aa 689. Based 

on these studies, we hypothesized and tested that a NHE3 mimetic peptide based on this 

largely inhibitory region might be a putative competitor of protein-protein interactions of 

the inhibitory regulatory complex, which would result in pharmacologic stimulation of 

NHE3 activity. An ideal mimetic peptide should (1) be cell permeant, (2) work at low 

concentrations, (3) increase basal NHE3 activity, with or without inhibiting adenosine 3′,5′-
cyclic monophosphate (cAMP), guanosine 3′,5′-cyclic monophosphate (cGMP), calcium- 

and inflammation-mediated inhibition of NHE3 activity, and (4) alter Na+/H+ activity in a 

specific manner. If successful, this mimetic could be a candidate drug for treating diarrheal 

diseases.

Materials and Methods

NHE3 inhibitory domain (Figure 1A) mimicking peptides were synthesized by Peptide 

2.0 (Chantilly, VA), and purity was assessed to be >98% by high-performance liquid 

chromatography. Peptides include (see Figure 1B) (1) control peptide (CP) 1, (2) NHE3 

stimulatory peptide 1 (N3SP-1), (3) N3SP-1Δ7, and (4) CP-2 (N3SP-1Δ10). A C-terminal 

cysteine was added to the peptides for conjugation to 4,4-difluoro-1,3,5,7,8-pentamethyl-4-

bora-3a,4a-diaza-s-indacene (BODIPY) 577/618. For nanoparticle uptake studies, an N-

terminal biotin was added to CP-2 and N3SP-1Δ7. Additional methods are in the 

Supplementary Methods.

Results

Computational Modeling and Engineering of Sodium-Hydrogen Exchanger 3 Mimetic 
Peptides

We previously defined that aa 586–605 (rabbit NHE3) of the intracellular C-terminal domain 

is the region that directly binds proteins that inhibit NHE3 activity. We termed this the 

NHE3 inhibitory regulatory complex (IRCX) (Figure 1A).12,13,15 We hypothesized that a 

peptide mimic of this region would competitively bind proteins of the NHE3 IRCX, reduce 

their association with NHE3, and prevent NHE3 inhibition. To test this, we synthesized 

a 21 aa peptide representing aa 585 to 605 of rabbit NHE3 (CP-1) (Figure 1B) with an 

additional C-terminal Cys to conjugate BODIPY 577/618, a fluorescent maleimide that 

when conjugated to a peptide/protein, renders the peptide cell-permeable and fluorescent at 

the wave lengths studied (Supplementary Figure 1A).18,19 CP-1 was exposed to PS120/HA3-

NHE3/sodium-hydrogen exchange regulatory cofactor 2 (NHERF2) cells, and peptide entry 

was confirmed by confocal microscopy (Figure 2A).18,19 However, there was no significant 

effect of CP-1 (400 nmol/L) compared with BODIPY alone on basal NHE3 activity (Figure 

2B).

A bioinformatics approach was used to provide insight into aa immediately upstream or 

downstream from the CP-1 boundaries, considering that adjacent aa might allow increased 

competition with the IRCX for binding regulatory proteins. Models of the 3-dimensional 

structure of the sequence of the NHE3 C-terminus around the domain involved in binding 

members of the NHE3 IRCX were created using the Rosetta structural modeling software 
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(see Methods20–22). Extending the N-terminal sequence of CP-1 to aa 568, while keeping 

the C-terminal aa 605, predicted a stable structure composed of 2 alpha helixes with H+ 

bonding between R575 and D602 that stabilized the helices (Supplementary Figure 2A). 

This peptide was named N3SP-1. Removing up to 7 amino acids from the N-terminus of 

this peptide preserved the ability to stimulate NHE3 activity (Table 1). Removal of ≥8 

aa was predicted to lose the hydrogen bonding and result in peptide instability (shown 

for N3SP-1Δ10 in Supplementary Figure 2A) and loss of NHE3 stimulatory activity 

(Table 1). Multiple sequence alignments of NHE3 from multiple species were generated, 

demonstrating preservation of aa in this area of NHE3 (Supplementary Figure 2B).

Functional Characterization of Sodium-Hydrogen Exchanger 3 Mimetic Sodium-Hydrogen 
Exchanger 3 Stimulatory Peptide 1 Compared With Control Peptide 1

In vitro studies—BODIPY conjugates.—BODIPY-conjugated N3SP-1 (Figure 2A–E) 

was assayed for effects on NHE3 activity when loaded into PS120/HA3-NHE3/NHERF2 

cells (Figure 2B), Caco-2/BBe/HA3-NHE3 cells (Figure 2C), and in vitro mouse jejunum 

(Figure 2D). Intracellular loading was documented by confocal microscopy (Figure 2A). 

CP-1 was used as the negative control in these studies. In all models, N3SP-1 (400 nmol/L) 

stimulated basal NHE3 activity compared with CP-1 (Figure 2B–D). No stimulatory effect 

was detected with exposure to unconjugated N3SP-1 (Supplementary Figure 1B). The range 

of stimulation was 41% to 61% (PS120, 61% [Figure 2B]; Caco-2/BBe, 41% [Figure 2C]; 

and mouse jejunum, 57% [Figure 2D]). Increased basal NHE3 activity in Caco-2/BBe/HA3-

NHE3 cells was concentration dependent, with maximal effect at 400 nmol/L and a 50% 

effective concentration (EC50) of 152 nmol/L (Figure 2E).

Further studies examined the effect of N3SP-1 on acute NHE3 inhibition by Ca2+ ionophore 

4-Br-A23187, forskolin (FSK), and carbachol, as well as acute stimulation by epidermal 

growth factor. N3SP-1 pretreatment prevented inhibition of NHE3 by 0.5 μmol/L A23187 in 

PS120 fibroblasts (Figure 2B), FSK (10 μmol/L) in Caco-2/BBe cells and mouse jejunum 

in vitro (Figure 2C and D), and carbachol (10 μmol/L) in Caco-2/BBe cells (Figure 2C), 

but did not alter epidermal growth factor (200 ng/mL) stimulation in Caco-2/BBe cells 

(38% vs 35% stimulation in presence of CP-1 vs N3SP-1, respectively) (Figure 2C). The 

loss of FSK inhibition on NHE3 activity in Caco-2/BBe cells had a similar concentration-

dependent response to that on basal NHE3 activity, with EC50 of 157 nmol/L after addition 

apically to Caco-2/BBe cells (Figure 2E). These results demonstrate that N3SP-1, but not 

CP-1, prevents cAMP- and Ca2+-mediated inhibition of NHE3 activity in vitro. We next 

determined whether N3SP-1 exerts similar effects in vivo.

In vivo studies—BODIPY conjugates.—The effect of the N3SP-1 was determined in 

live mouse models, measuring net water transport under basal conditions and in 2 bacterial 

enterotoxin-induced (ie, cholera toxin[CTx] and Escherichia coli heat-stable enterotoxin) 

diarrheal disease closed-loop models (Figure 3). Acute exposure of mouse jejunum to 

N3SP-1 (400 nmol/L) via intraluminal perfusion23 acutely stimulated basal water absorption 

compared with CP-1. In a typical experiment, jejunal net water transport was 4.2 μL · min−1 

· cm−1 with CP-1 and 50.3 μL · min−1 · cm−1 with N3SP-1; the difference in net water 

Zachos et al. Page 5

Gastroenterology. Author manuscript; available in PMC 2024 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transport between N3SP-1 and CP-1 perfused jejunal loops was 56.6 ± 15.1 μL · min−1 · 

cm−1 (n 5; P = .0004).

In the closed-loop model, purified CTx (1 μg/3- to 4-cm loop) was instilled in the presence 

of 400 nmol/L N3SP-1 or CP-1 for 6 hours, and then net fluid secretion (loop weight/cm) 

was determined (Figure 3A). N3SP-1 prevented CTx-stimulated fluid secretion, whereas 

CP-1 did not alter fluid accumulation compared with CTx alone (Figure 3A). This effect 

of N3SP-1 on CTx-induced secretion was associated with visible intracellular accumulation 

of the peptide after 6 hours of exposure and contrasted to the localization of CP-1, which 

remained at the BB (Figure 3B). This difference in peptide localization was associated with 

differential localization of NHE3. Confocal microscopy (Figure 3B) showed NHE3 was 

internalized in the CTx-treated mouse jejunum when exposed to CP-1. In contrast, NHE3 

was detected on the CTx-treated jejunal BB after exposure to N3SP-1. These results suggest 

that reduced luminal fluid accumulation in CTx-treated mouse intestinal loops by N3SP-1 is 

associated with increased BB expression of NHE3 compared with CP-1.

The N3SP-1 effect so dramatically reduced the CTx-induced fluid secretion that specificity 

of the effect was determined, despite the fact that N3SP-1 is part of the NHE3 C-terminus 

and is not matched by any other protein sequence, as assessed by BLAST. This was done 

by measuring the short-circuit current (Isc) in loops exposed to CTx for 6 hours in the 

presence of phosphate-buffered saline (PBS), CP-1, or N3SP-1 added at the same time as 

CTx (Supplementary Figure 3A). Changes in Isc were then determined in treated loops after 

sequential exposure to basolateral FSK, followed by carbachol, with peak Isc determined 

after exposure of each agonist. The assumption was that if N3SP-1 inhibited cystic fibrosis 

transmembrane conductance regulator (CFTR) activity, Isc would be significantly lower 

in loops exposed to CTx plus N3SP-1 compared with loops exposed to CTx in PBS or 

CP-1, as well as possibly demonstrating less subsequent stimulation of Isc by FSK or 

carbachol. In fact, the Isc in CTx-treated loops exposed to CP-1 and N3SP-1 was slightly, 

but not significantly, greater than in the loops treated with CTx in PBS, and there was no 

significant difference in Isc of the CTx plus CP-1 or NS3P-1 loops (Supplementary Figure 

3A). In addition, the peak increases in Isc in CTx-exposed loops with sequential addition 

of FSK and carbachol were not different between the CP-1– and N3SP-1–exposed loops 

(Supplementary Figure 3B). These results support that N3SP-1 does not inhibit CTx-induced 

Cl− secretion mediated by cAMP or Ca2+ signaling but rather that N3SP-1 effects involve 

stimulation of Na+ absorption. We next determined whether this beneficial effect occurs in 

other murine diarrheal disease models.

E coli heat-stable enterotoxin-induced mouse jejunal fluid accumulation, a cGMP-dependent 

effect,24,25 was studied. E coli purified heat-stable enterotoxin (0.5 μg) caused intestinal 

fluid accumulation that was significantly reduced by N3SP-1 (Figure 3C). This effect 

was not observed when heat-stable enterotoxin–treated loops were exposed to CP-1. Thus, 

N3SP-1 not only stimulates basal NHE3 activity and net jejunal water absorption but also 

prevents changes in net water secretion caused by 2 major bacterial enterotoxins responsible 

for cholera and Traveler’s Diarrhea.
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We next determined whether N3SP-1 exhibits similar effects in a previously standardized 

diarrheal model of tumor necrosis factor-α–mediated inflammation (via anti-cluster of 

differentiation [CD] 3 monoclonal antibodies).23 Mouse jejunal loops were prepared 

containing 100 μL PBS with 400 nmol/L CP-1 or N3SP-1. After surgery, 200 μL PBS 

alone or with 200 μg anti-CD3 antibody were injected intraperitoneally, and mice were 

euthanized 2.5 hours later. Anti-CD3 antibody increased luminal fluid accumulation in loops 

containing CP-1 but not in NS3P-1 loops (Figure 3D). This demonstrates that N3SP-1 also 

prevents fluid secretion in an inflammatory diarrhea model. This effect was not specific for 

sex (Supplementary Figure 3C).

Because in silico modeling of N3SP-1 suggested a potential interaction between rabbit R575 

and D602, we determined whether R575 was necessary for N3SP-1 effects. Purified peptides 

were synthesized that lack the first 7 (N3SP-1Δ7) or 10 (CP-2) N-terminal amino acids of 

N3SP-1, where only N3SP-1Δ7 contains R575 (Figure 1B and Supplementary Figure 2A). 

These peptides were tested in CTx loops, except that 400 nmol/L CP-2 and N3SP-1Δ7 were 

used (Figure 3E). Results similar to those with N3SP-1 and CP-1 were found, supporting 

that deletion of the N-terminal 7 amino acids of N3SP-1 did not alter the efficacy of this 

peptide to reduce CTx-related diarrhea.

Nanoparticle Delivery of Sodium-Hydrogen Exchanger 3 Stimulatory Peptide-1 Into Ex Vivo 
Human Jejunal Enteroid Monolayers

Because maleimide conjugation does not represent a viable delivery system for human 

use, nanoparticle delivery of CP-2 and N3SP-1Δ7 was tested in human jejunal enteroid 

monolayers. Polymeric nanoparticles comprised hyperbranched carboxylated poly(β-amino) 

ester (PBAE) with carboxylate ligand end caps were selected26–28 (Supplementary Figure 

4A). This class of polymers enables efficient cellular uptake, endosomal escape, and 

cytosolic delivery of various proteins ranging from 27 to 160 kDa in size.27 Hyperbranched 

PBAE polymer is advantageous as a biomaterial for intracellular delivery due to its pH 

responsiveness, low cytotoxicity, and biodegradability.28 Further, the polymer used for this 

study, termed CR5 (Supplementary Figure 4A), incorporates bioreducible disulfide bonds 

in the polymer backbone, which facilitates efficient triggered release of cargo preferentially 

in the cytosol, where glutathione concentrations are significantly elevated relative to the 

extracellular environment.29 Nanoparticle synthesis, characterization, and pH effects on 

toxicity and cellular uptake in the B16-F10 cancer cell line are described in Supplementary 

Figure 4A–I.

Given the effectiveness of N3SP-1Δ7 in preventing CTx-induced net fluid secretion in 

mouse intestine in vivo, enteroid studies were performed to demonstrate nanoparticle uptake 

into human intestinal epithelial cells. Optimized nanoparticle formulations containing CP-2 

or N3SP-1Δ7 were added apically to differentiated human jejunal enteroid monolayers. 

Fluorescently labeled nanoparticle location was identified by confocal microscopy and 

compared with endogenous apical NHE3. Nanoparticles appeared intracellularly, confirming 

uptake in normal human intestinal epithelial cells (Figure 4A). Similar studies were 

performed in B16-F10 cells, demonstrating time- and concentration-dependent uptake, 
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whereas in the absence of nanoparticles, no significant uptake occurred (Supplementary 

Figure 4G).

For functional studies, we considered that in vitro delivery of nucleotides by PBAE 

nanoparticles peaked within 24 to 48 hours of nanoparticle exposure.27 Thus, nanoparticles 

were added apically (250 nmol/L) for 18 hours to differentiated enteroid monolayers, and 

the effect on basal and FSK-inhibited NHE3 activity was determined. NHE3 activity was 

significantly increased in N3SP-1Δ7 compared with CP-2 (increase of 36.0% ± 10.4%, 

n = 4; P = .043). FSK significantly reduced NHE3 activity in CP-2–exposed enteroids 

(77.2% ± 7.4% of control peptide, n = 4; P = .048) (Figure 4B). In contrast, in N3SP-1Δ7–

exposed enteroids, FSK caused a nonsignificant decrease in NHE3 activity (88.0% ± 6.7% 

of N3SP-1, n = 4; P = .170).

To further interrogate the loss of the FSK effect, whether the FSK stimulation of adenylate 

cyclase-cAMP was altered by N3SP-1Δ7 was determined. In jejunal enteroids exposed to 

FSK, increased intracellular cAMP was similar between CP-2 and N3SP-1Δ7 (Figure 4C). 

This demonstrates that the prevention of FSK inhibition of NHE3 occurred downstream 

of FSK-stimulated adenylate cyclase-increased cAMP. Thus, as observed with maleimide-

based delivery of N3SP-1, nanoparticle delivery in human enteroids stimulated basal NHE3 

activity and prevented cAMP inhibition of NHE3.

Given the ability of N3SP-1Δ7 to prevent CTx-induced fluid secretion in vivo (Figure 3E) 

and to stimulate basal NHE3 activity and prevent cAMP inhibition in human enteroids 

(Figure 4C), further studies were done with human enteroids to determine the shortest 

N3SP-1–related peptide that would stimulate human NHE3. A series of N3SP-1 N-terminal 

truncations was synthesized, and concentration-dependent stimulation of NHE3 activity was 

determined using human jejunal enteroids. As summarized in Table 1, deleting 5, 6, or 

7 aa from the N3SP-1 N-terminus produced peptides that stimulated NHE3 similarly to 

full-length N3SP-1 both in magnitude of the stimulation and EC50. However, removing 8 

aa significantly reduced the maximum stimulatory effect and increased the EC50, whereas 

removing more than 8 aa totally prevented NHE3 stimulation.

In Vivo Studies—Nanoparticle Conjugates and Intestinal Fluid Absorption

To treat acute diarrhea, the drug effect should have a rapid onset. Consequently, the effects 

of the nanoparticle-conjugated CP-2 compared with N3SP-1Δ7 was determined on net fluid 

transport in closed 3- to 4-cm ileal loops exposed to 400 nmol/L peptide for 4 hours, 

followed by draining of the loops and exposure to 150 μL PBS for 30 minutes. As shown in 

Figure 5A, N3SP-1Δ7 incubation produced significantly less residual fluid, consistent with 

increased fluid absorption. To demonstrate that this was due to increased Na+ absorption 

that involved NHE3 caused by N3SP-1Δ7, these closed-loop studies were repeated with the 

specific NHE3 inhibitor30,31 tenapanor (10 μmol/L), present during both incubation periods. 

In the presence of tenapanor, there was no difference in residual fluid comparing CP-2 and 

N3SP-1Δ7 (compare Figure 5A and B).

An additional study was performed to determine whether nanoparticle-N3SP pretreatment 

could prevent CTx-induced fluid secretion. Nanoparticle–N3SP-1Δ7 or CP-2 (4 μmol/L) 
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with 0.1 μg CTx in 150 μL PBS were inoculated into closed mouse ileal loops, as above. 

The animals were euthanized 4 hours later, and loop weight/length determined. Loops only 

injected with CTx and PBS or PBS alone with the same total volume as the nanoparticle-

injected loops were studied as additional controls. As shown in Figure 5C, NS3P-1Δ7 loops 

had significantly less fluid at 4 hours than the other 2 conditions. CP-2 did not reduce the 

residual loop volume. Subtracting the PBS-only loop weight/length from the CTx-incubated 

loops indicated the NS3P-1Δ7 reduced the CTx-induced secretion by ~42%. This effect 

was associated with preventing CTx-induced NHE3 trafficking from the BB (Supplementary 

Figure 5), suggesting a similar mechanism of action occurs with nanoparticle-delivered 

N3SP and BODIPY-conjugated N3SP (compare with Figure 3B). This demonstrates that as 

with the BODIPY–N3SP-1 studies, nanoparticle–N3SP-1Δ7 reduced CTx-induced intestinal 

fluid secretion.

Sodium-Hydrogen Exchanger 3 Peptide–Sodium-Hydrogen Exchange Regulatory Cofactor 
2 Overlay Experiments: Effects of Control Peptide 2 and Sodium-Hydrogen Exchanger 3 
Stimulatory Peptide-1Δ7 Peptides

To further test the hypothesis that N3SP-1 stimulated NHE3 by competing for binding 

with components of the IRCX, overlay experiments were performed examining binding 

of NHERF2 to NHE3 peptides. NHERF2 is a 2 PDZ (postsynaptic density 95, Discs 

large; Zonula occludens 1) domain-containing scaffold that is involved in intestinal NHE3 

stimulation and inhibition and is part of the IRCX.12–15,31 Binding of purified full-length 

glutathione-S-transferase–NHERF2 to 2 maltose-binding protein–NHE3 C-terminal peptides 

that contain the N3SP-1 sequence was determined in the presence of equal concentrations 

of CP-2 compared with N3SP-1Δ7. CP-2 and N3SP-1Δ7 peptides were used at 5 times the 

concentration of the NHERF2 fusion protein and the maltose-binding protein–NHE3 fusion 

peptides. N3SP-1Δ7 significantly reduced NHERF2 binding compared with the control 

peptide (Figure 6).

Discussion

This study strongly supports NHE3 as a druggable target for treatment of diarrheal diseases 

in which NHE3 is inhibited, but present. NHE3 is inhibited in almost all diarrheal diseases, 

including secretory and inflammatory diarrheal diseases.3,14,15 In fact, whereas stimulated 

anion secretion is considered to be the major contributor to volume loss in secretory 

diarrheal diseases, such as cholera and Traveler’s Diarrhea, this does not appear to be 

the case for inflammatory diarrheal diseases, including inflammatory bowel diseases or 

radiation enteritis, among others.10,11 Here we describe a peptide that stimulates basal 

NHE3 activity and prevents NHE3 inhibition caused by elevated cAMP, cGMP, and 

Ca2+, second messengers known to inhibit NHE3 and to be intermediates in human 

diarrheal diseases. Multiple intestinal models were studied that included in vivo and in 

vitro mouse intestine as well as in cell lines, including fibroblasts expressing NHE3, the 

polarized human colon cancer cell line Caco-2/BBe, and ex vivo normal human jejunal 

enteroids.9,14,24,25,31,32 We used these cell, tissue, animals, and human enteroids to model 

secretory and inflammatory diarrheal diseases, including 2 models of bacterial enterotoxin-

induced secretion and a model of tumor necrosis factor-α–related secretion. All models 
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produced similar evidence of the effectiveness of NS3P to stimulate basal NHE3 activity 

and to reverse the inhibition that occurs in each of the diarrhea models studied, while at 

the same time reducing the overall fluid secretion. In addition, we determined that the 

efficacy of N3SP in stimulating NHE3 activity, which does not enter epithelial cells alone, 

required conjugation to a cell-penetrating maleimide or to nanoparticles, because there was 

no effect without cell entry. Moreover, we showed that N3SP-stimulated basal and second 

messenger inhibited NHE3 similarly at very low concentrations (EC50 ~150 nmol/L) using 

either delivery system.

Some insights have been provided from these studies concerning the mechanism(s) by which 

N3SP stimulates basal NHE3 activity and reverses NHE3 inhibition in the in vivo models 

of intestinal fluid secretion. Under normal conditions, NHE3 continually traffics between the 

endosomal system and the plasma membrane, with the percentage on the BB determined by 

the balance between rates of endocytosis, exocytosis, and BB protein stability.1–3,8,14,15 The 

diarrhea-related inhibition of NHE3 is usually due to abnormal trafficking caused by agents 

that induce the diarrhea, which act by elevating intracellular cAMP, cGMP, Ca2+, all of 

which stimulate rates of NHE3 endocytosis and often also inhibit exocytosis.1–3,12,13,33–36

N3SP was engineered to mimic the intracellular NHE3 C-terminal domain that binds 

proteins to form the largest identified NHE3 regulatory complex, which is primarily 

involved in inhibiting NHE3 activity. This sequence of NHE3 is unique in the human 

genome, and thus, we predicted that it would allow effects specific for NHE3. Our studies 

show that N3SP interferes in the reduction of apical NHE3 expression caused by the 

diarrheal disease models studied as the consequence of its mechanism of action.

The proposed mechanism of N3SP stimulation of NHE3 is to compete with proteins 

that normally bind to the NHE3 C-terminus in the inhibitory domain and prevent their 

binding under basal conditions and with elevated second messenger signaling. Proteins 

shown to bind to this area of NHE3 and inhibit basal NHE3 activity include the kinase 

calmodulin-dependent protein kinase II-δ, calmodulin, phospholipase C-γ, and NHERFs 1 

to 4.12–14,17,18 IRBIT-1, which also regulates NHE3 activity,37 binds just the C-terminal of 

this area. That this is the mechanism involved in N3SP effects on NHE3 is supported by 

the reduced binding caused by N3SP compared with the control peptide of one of the major 

components of the NHE3 IRCX, NHERF2, to peptides of the NHE3 C-terminus that contain 

the N3SP sequence (Figure 6). More detailed studies are required to identify all components 

of the IRCX and the effects of N3SP on their interactions with the NHE3 C-terminus, 

although that is beyond the scope of this study. The lack of structural information of the 2 

NHE3 C-terminus fusion proteins prevents any insights on why effects of NS3P compared 

with control peptide were greater in competing with NHERF2 peptide in the larger NHE3 

peptide.

Not understood is the important ability of N3SP-1 to completely prevent the fluid secretion 

induced in vivo by CTx, E coli heat-stable enterotoxin, and anti-CD3–induced inflammation. 

Enterotoxin-induced Cl− secretion, which is dependent on activation of CFTR, is thought to 

be the major component of cholera and enterotoxigenic E coli secretory diarrheas.3,10,11 We 

were unable to identify any evidence that N3SP did other than stimulate NHE3, with the 
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in vivo stimulation of NHE3 confirmed by the effect on basal transport being prevented by 

tenapanor pretreatment (Figure 5). N3SP-1 did not inhibit the FSK stimulation of adenylate 

cyclase-cAMP in enteroids and did not alter the Isc in CTx-exposed mouse jejunum or the 

subsequent stimulation induced sequentially by FSK and carbachol, making an effect to 

inhibit stimulated Cl− secretion unlikely.

Unlike CFTR, NHE3 has not been shown to be directly involved in regulation of other 

transport proteins. The only regulatory functions of NHE3 identified relate to its generation 

of an apical membrane H+ gradient, which provides some of the driving force of peptide 

transporter 1 uptake of di-, tri-, and oligopeptides and some H+ gradient-linked amino acid 

transporters,38,39 and separately, stimulation of intestinal phosphate absorption, apparently 

by effects on specific tight junctional permeability to phosphate.40 Nonetheless, this is an 

area requiring further exploration testing the hypothesis that NHE3 is indirectly involved 

in the regulation of other transport processes that contribute to fluid secretion in diarrheal 

diseases. Another possible explanation for these findings is that whereas the stimulated 

Cl− secretory process has been believed to be greater in magnitude than Na+ absorptive 

processes, perhaps in vivo, the opposite is true.

Structural information about the NHE3 C-terminus would allow us to understand why 

N3SP-1/N3SP-1Δ7 but not CP-1/CP-2 stimulates NHE3 activity. Despite advances by 

cryogenic electron microscopy in understanding the structure of mammalian as well as 

bacterial NHEs, there is very little experimental structural information concerning the NHE3 

C-terminus distal to the proximal domain that binds calcineurin homologous protein that is 

adjacent to the transmembrane domain.41–45

In addition, the recently reported remarkable ability of the AlphaFold Protein Structural 

Database (European Molecular Biology Laboratory–European Bioinformatics Institute) to 

define protein structure from amino acid sequences has been used to describe the structure 

of NHE3.46 This method predicted a structure of the NHE3 C-terminal domain similar 

to our Rosetta model, although this was in an area that the program described as “low 

confidence.”46 The Rosetta structural model allowed us to engineer a peptide that stimulated 

NHE3 with a low EC50 (~150 nmol/L). This model predicated that the stability of N3SP-1 

was based on the peptide forming two alpha helixes, which were stabilized by H+ bonding 

between human R576 and E602 (in rabbit R575 and D602).

Although structural stability has not been experimentally confirmed, truncation of N3SP-1 

to form N3SP-1-NΔ7 (N terminal amino acid R575) preserved NHE3 stimulation with a 

similar EC50 to N3SP-1 in enteroids, whereas efficacy was greatly reduced by removing one 

more N-terminal aa. This model predicts continued stability of the N3SP-1-NΔ7 by the same 

H+ bonding as N3SP-1, and that R575 at the beginning of the first helix in aa 575–605 is 

important for preserving functional ability of N3SP to stimulate NHE3 activity. This model 

also predicts decreased stability by removing R575, as occurs with the N3SP-1Δ8 peptide. 

Of note, the N-terminal region in CP-1 (residues 585–605) appears to form a flexible 

structure, supporting the assumption that a stable helical structure is important for the N3SP 

stimulation of NHE3 activity.
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Considering the findings presented in this study together, we suggest that N3SP should be 

considered for further development as an antidiarrheal drug. An important observation was 

similar EC50 for NHE3 stimulation by N3SP-1 in a human colon cancer line and normal 

human enteroids, which we have suggested as a potential way to assess potential human 

drug efficacy.47–49

Nanoparticles were used as a delivery vehicle for potential human use of N3SP. Nanoparticle 

delivery into the human colon cancer cell line, Caco-2 and rat small intestine has been 

demonstrated, and PBAE nanoparticles have been shown to deliver nucleic acids into human 

embryonic kidney and B16-F10 cancer cells.27,28 The peak delivery by PBAE nanoparticles 

of nucleic acids occurred 24 to 48 hours after nanoparticle exposure.27 Mimicking this 

application, our initial studies with nanoparticle delivery of N3SP-1Δ7 was after overnight 

exposure.

Until now, we have not pursued oral delivery of N3SP-1Δ7 or considered in detail issues of 

acid stability to pass through the stomach (Supplementary Figure 4H indicates pH stability 

in preliminary studies), or release at specific segments of the small intestine or colon, which 

are the sites responsible for most diarrheal diseases. However, these considerations have 

been dealt with for peptide therapies, such as linaclotide and plenalotide, and for numerous 

other drugs, such as budesonide; and consequently, we consider these are the next stage 

of development of N3SP-1Δ7 as a drug. In addition, further potential uses of N3SP-1Δ7 

include as a tool to identify the components of the signaling complexes that regulate NHE3 

and for further mechanistic studies to define the role of N3SP as an antidiarrheal drug. 

Importantly, the efficacy of NS3P should be tested in additional diarrhea models to define 

the range of potentially treatable diarrheas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper:

BB brush border

BODIPY 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene

cAMP adenosine 3ʹ,5ʹ-cyclic monophosphate

CD cluster of differentiation

CFTR cystic fibrosis transmembrane conductance regulator

cGMP guanosine 3ʹ,5ʹ-cyclic monophosphate

cPBAE carboxylated branched poly(beta-amino) ester

CP-1 control peptide 1

CTx cholera toxin

EC50 50% effective concentration

FSK forskolin

IRBIT inositol 1,4,5 triphosphate (IP3) receptor binding protein released 

with IP3

IRCX inhibitory regulatory complex

Isc short-circuit current

N3SP-1 sodium-hydrogen exchanger 3 stimulatory peptide 1

NHE3 sodium-hydrogen exchanger 3

NHERF-2 sodium-hydrogen exchange regulatory cofactor 2

PBAE poly(β-amino) ester

PBS phosphate-buffered saline
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Drug treatments for diarrheal diseases are inadequate. Inhibition of the brush border 

sodium-hydrogen exchanger 3 contributes to pathophysiology of almost all diarrheal 

diseases. Sodium-hydrogen exchanger 3 is regulated by multiprotein complexes, one of 

which inhibits its activity.

NEW FINDINGS

A peptide (sodium-hydrogen exchanger 3 stimulatory peptide 1) duplicating the sodium-

hydrogen exchanger 3 domain, which forms the inhibitory complex, was loaded into 

intestinal cells linked to a maleimide or to nanoparticles and stimulated baseline 

sodium-hydrogen exchanger 3 activity and reversed sodium-hydrogen exchanger 3 

inhibition caused by adenosine 3ʹ,5ʹ-cyclic monophosphate, guanosine 3ʹ,5ʹ-cyclic 

monophosphate, Ca2+, bacterial enterotoxins, and inflammation.

LIMITATIONS

Mechanistically, it is not known why sodium-hydrogen exchanger 3 stimulatory peptide 1 

not only stimulated sodium-hydrogen exchanger 3 baseline and diarrhea-related sodium-

hydrogen exchanger 3 inhibited activity but also turned off multiple forms of intestinal 

fluid secretion.

CLINICAL RESEARCH RELEVANCE

Acute diarrheal diseases are the second most common cause of infant mortality in 

developing countries. This is contributed to by lack of effective drug therapy that shortens 

the duration or lessens the volume of diarrhea. Sodium-hydrogen exchanger 3 accounts 

for a major component of intestinal Na+ absorption and is inhibited in most diarrheas. 

Sodium-hydrogen exchanger 3 stimulatory peptide 1, which alters sodium-hydrogen 

exchanger 3 activity at nanomolar concentrations, is a potential drug for treating multiple 

causes of diarrhea.

BASIC RESEARCH RELEVANCE

Sodium-hydrogen exchanger 3 is regulated by large, multiprotein signaling complexes. 

Sodium-hydrogen exchanger 3 stimulatory peptide 1 stimulation of sodium-hydrogen 

exchanger 3 activity prevented binding of a major part of the inhibitory complex and its 

use will allow probing how the signaling complex forms to regulate sodium-hydrogen 

exchanger 3. The reversal of the fluid secretion in multiple diarrhea models requires 

understanding of the relative magnitude of the absorptive and secretory processes in 

intact intestine.
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Figure 1. 
N3SP-1 is part of the NHE3 C-terminus, which forms the IRCX. (A) Domain structure of 

NHE3 modified from13,16 showing N-terminal transport domain and C-terminal regulatory 

domain, including suggested boundaries for the binding of the IRCX. The boxes indicate 

proteins shown to directly bind to the NHE3 C-terminus in the area of the stimulatory and 

inhibitory regulatory complexes. Amino acid refers to rabbit NHE3. (B) Peptides mimicking 

the NHE3 amino acids that make up the IRCX binding domain (AA refers to rabbit NHE3). 

CaM, calmodulin; CaM KII, calmodulin-dependent protein kinase II; CHP, calcineurin 

homologous protein; PLC-γ, phospholipase C-γ.
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Figure 2. 
Effect of N3SP-1 on basal and acutely stimulated and inhibited NHE3 activity. (A) Confocal 

microscopy shows uptake of BODIPY-conjugated N3SP-1 and CP-2 in PS120/HA3-NHE3/

NHERF2 cells (top, left), Caco-2/BBe cells (top, right), and mouse jejunum (bottom; 

2-photon microscopy). BODIPY (top, left) is not conjugated to either peptide and is not 

fluorescent.18,19 Red, BOPIDY-conjugated peptides; blue, nuclei. Scale bars = 20 μm. (B) 

Effect of N3SP-1 compared with CP-1 and with BODIPY alone (all studied at 400 nmol/L) 

on basal and 4-Br-A23187 inhibition of NHE3 activity in PS120/HA3-NHE3/NHERF2 

cells. Results are rates of NHE3 activity (μmol · L−1 · s−1) shown as mean ± standard 

error of the mean of 3 experiments (paired t tests). CTL, control. (C) NHE3 activity in 

polarized Caco-2/BBe/HA3-NHE3 cells exposed to 400 nmol/L CP-1 or N3SP-1, both 

studied under basal conditions, after 5-minute exposure to 10 μmol/L carbachol (CCH), 30-

minute exposure to 25 μmol/L FSK, or 30-minute exposure to 200 ng/mL epidermal growth 

factor (EGF) (n = 3 for all experiments; paired t tests for comparison with cells treated 

only with CP-1 or N3SP-1). (D) NHE3 measured in mouse jejunum in vitro studied with 2 

photon microscope/SNARF-4F under basal conditions and after 30-minute exposure to 25 

μmol/L FSK with exposure to 400 nmol/L CP-1 or N3SP-1 (n = 6; unpaired t tests). (E) 

Kinetic analysis of N3SP-1 stimulation of basal NHE3 activity (blue; EC50 = 152 nmol/L) 

and prevention of FSK inhibition of NHE3 (red; EC50 = 157 nmol/L). EC50 calculated by 

Hill equation.
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Figure 3. 
N3SP-1 prevents net mouse jejunal fluid secretion induced by CTx, Escherichia coli heat-

stable enterotoxin, and anti-CD3 monoclonal antibody-induced inflammation. (A) Fluid 

accumulation (loop weight/length) 6 hours after inoculation of jejunal loops containing 1 μg 

purified CTx in presence of 400 nmol/L CP-1, N3SP-1, or PBS. P values are comparison 

with loops inoculated with only PBS by paired t tests. Results from at least 2 loops from 

6 animals per condition. Representative loop distention shown below. (B) Intracellular 

localization of N3SP-1 in mouse jejunum 6 hours after loop inoculation with 1 μg CTx 

with 400 nmol/L CP-1 or N3SP-1 (upper) and localization of NHE3 under the same 

conditions (below). Scale bars = 20 μm. (C) Fluid accumulation (loop weight/length) 4 

hours after inoculation of 3- to 4-cm jejunal loops with 0.5 μg purified E coli heat-stable 

(STa) enterotoxin in the presence of 400 nmol/L CP-1, N3SP-1, or saline. P values are 

comparison with loops inoculated with only saline by paired t tests. Results from at least 

2 loops from 6 animals per condition. Representative loop distention is shown. (D) Fluid 

accumulation (loop wet weight/length) 2.5 hours after intraperitoneal injection of 200 μL 

saline or anti-CD3 antibody in mice with 2 jejunal loops containing 400 nmol/L CP-1 or 

N3SP-1. P values are comparison of loops inoculated with CP-1 compared with N3SP-1 and 

loops from intraperitoneal saline vs CD3 antibody by paired t tests. Results from 6 animals 

injected with saline and 6 with anti-CD3 antibody (total of 12 loops studied containing CP-1 

or N3SP-1). (E) Studies performed as in panel A with CTx exposure but with 400 nmol/L 

CP-2 and N3SP-1Δ7 (n = 3). P values are comparison with PBS-inoculated loops by paired t 
tests. Data are shown as mean ± standard error of the mean.
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Figure 4. 
Nanoparticles–CP-2 and N3SP-1Δ7 are taken up by differentiated human duodenal 

enteroids, stimulate basal NHE3 activity, and prevent cAMP inhibition of NHE3 activity. 

(A) Confocal microscopy of fluorescently labeled nanoparticles (PBAE CR5 30:1 w/w 

nanoparticles:peptide) (2 μmol/L, 4-hour uptake after apical addition to differentiated 

enteroid monolayers) revealed predominantly subapical location of nanoparticles (green) 

(XY sections above; XZ sections below). Nanoparticles (NP) were labeled with 

streptavidin–Alexa Fluor 488-conjugated peptides. Endogenous NHE3 (red; anti–NHE3-

Alexa Fluor 567) marked the apical domain. Note lack of uptake of N3SP-1Δ7 in the 

absence of conjugation to nanoparticles (left panel). Scale bar = 10 μm. (B) Differentiated 

enteroid monolayers were exposed to nanoparticle–CP-2 or N3SP-1Δ7 (250 nmol/L) 

overnight, and NHE3 activity was measured under basal conditions or after FSK exposure 

(n = 4; paired t tests). (C) Adenylate cyclase-cAMP levels were measured on enteroid 

monolayers treated as in panel B, comparing results from 12 monolayers from 3 

experiments. P values from unpaired t tests. Data are shown as mean ± standard error of 

the mean.
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Figure 5. 
Nanoparticle-conjugated N3SP-1Δ7 stimulates NHE3 and reduces CTx-induced fluid 

secretion in vivo. (A) Closed-loop absorption studies of fluid absorption over 30 minutes 

in in vivo mouse proximal small intestine after 4-hour exposure to nanoparticle-peptide 

(400 nmol/L) demonstrated that N3SP-1Δ7 compared with CP-2 increased fluid absorption. 

(B) The N3SP-1Δ7 increased baseline fluid absorption was prevented by pretreatment with 

10 μmol/L tenapanor (n = 4 and 3 separate experiments for A and B, respectively, with 

8 animals studied for A and 12 for B). (C) At 4 hours after CTx (0.1 μg) exposure, net 

fluid secretion was determined in ileal loops also inoculated only with PBS, nanoparticles–

CP-2 (4 μmol/L) or nanoparticles–N3SP-1Δ7 (4 μmol/L) (n = 6). P values compared with 

PBS/CTx loops by unpaired t tests. In parallel, ileal loops only exposed to PBS represent an 

additional control (n = 5). Data are shown as the mean ± standard error of the mean.
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Figure 6. 
N3SP-1Δ7 preferentially reduces NHERF2 binding to NHE3 peptides in in vitro overlay 

assays. Two NHE3 C-terminal peptides containing the N3SP-1 sequence were separated 

on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gradient gels, and purified 

NHERF binding was determined. Equal concentrations of NHE3 peptides and NHERF2 

were used. Before NHERF2 addition, the blots were overlayed with 5× the concentration 

of N3SP-1Δ7 vs CP-2. The test peptide competed with NHERF2 binding significantly more 

than the control peptide (n = 5). P values from unpaired t tests. Data are shown as the mean 

± standard error of the mean.
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Table 1.

Effect of N-Terminal Truncations of Sodium-Hydrogen Exchanger 3 Stimulatory Peptide 1 on Sodium-

Hydrogen Exchanger 3 Activity in Human Duodenal Enteroids

N3SP-1 variant Stimulation of NHE3 activity (%) EC50

N3SP-1 Yes (38) 152 nmol/L

N3SP-1Δ18 No

CP-2 (N3SP-1Δ10) No

N3SP-1Δ9 No

N3SP-1Δ8 Yes (9) 356 μmol/L

N3SP-1Δ7 Yes (39) 156 nmol/L

N3SP-1Δ6 Yes (40) 151 nmol/L

N3SP-1Δ5 Yes (39) 154 nmol/L

NOTE. Concentration-dependent effects on NHE3 basal activity was determined using BCECF-fluorometry. Kinetic analysis was determined of 
extent of stimulation of basal NHE3 activity; analysis was by use of Hill equation. Truncation of 5, 6, or 7 N-terminal aa did not significantly alter 
the magnitude of the stimulation of NHE3 or alter the EC50; however, truncation of 8 aa reduced the stimulatory effect and significantly increased 

the EC50, whereas further truncations of 9, 10, and 18 aa produced peptides that were without effect on basal NHE3 activity.
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