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Abstract

:

Simple Summary


Acute hemorrhagic diarrhea syndrome (AHDS) is characterized by severe gastrointestinal fluid loss and necrotizing enteritis. This indicates an intestinal barrier dysfunction, altered intestinal permeability may indicate disease severity and might represent a risk factor for the development of chronic disorders. Serum iohexol measurement is utilized to assess intestinal permeability in dogs. Our study aimed to correlate intestinal permeability (measured by serum iohexol concentration (SIC)) with clinical severity in dogs with AHDS. We hypothesized increased intestinal permeability in dogs with AHDS, correlating with clinical severity. Fifty-three client-owned dogs, including those with AHDS and healthy controls, were enrolled. Clinical severity was assessed using the AHDS index and criteria for systemic inflammatory response syndrome (SIRS). Simultaneously, dogs were orally administered iohexol, and serum samples were collected for SIC measurement. The findings revealed significantly elevated SIC among dogs with AHDS compared to healthy controls, with a positive correlation between SIC and disease severity indices. These results highlight that dogs with a severe form of AHDS have an especially significant dysfunction of the intestinal barrier. Future studies are necessary to evaluate a potential association between an altered intestinal barrier at the phase of acute enteritis and the development of chronic intestinal disease later in life.




Abstract


Histopathologic examination of intestinal biopsies from dogs with acute hemorrhagic diarrhea syndrome (AHDS) reveals necrotizing enteritis and epithelial integrity loss. Serum iohexol measurement has been utilized to assess intestinal permeability. Our hypothesis is that dogs with AHDS have increased intestinal permeability, which is associated with the severity of clinical signs. In this prospective case–control study, 53 client-owned dogs (28 AHDS, 25 healthy controls) were evaluated. Clinical severity was assessed using the AHDS index and systemic inflammatory response syndrome (SIRS) criteria. Simultaneously, dogs received oral iohexol, and serum iohexol concentrations (SICs) were measured two hours later. Results indicated significantly higher (p = 0.002) SIC in AHDS dogs (median: 51 µg/mL; min–max: 9–246) than in healthy controls (30 µg/mL; 11–57). There was a significant positive correlation between AHDS index and SIC (rS = 0.4; p = 0.03) and a significant negative between SIC and serum albumin concentrations (Pearson r = −0.55; p = 0.01). Dogs with severe AHDS (mean 106 µg/mL; range: 17–246) demonstrated significantly higher (p = 0.002) SIC than those with mild to moderate disease (29 µg/mL; 9–54). These findings underscore the association between intestinal permeability and clinical severity in dogs with AHDS assessed by iohexol.
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1. Introduction


In addition to its role in absorbing water and nutrients, the gastrointestinal tract also functions as a protective barrier against pathogens and harmful substances [1]. The disruption of this barrier results in increased intestinal permeability, leading to increased loss of proteins, electrolytes, vitamins, and fluid into the intestinal lumen and facilitating the translocation of potentially harmful substances and pathogens into the bloodstream [1,2]. As discussed below, there is a suspicion of intestinal barrier dysfunction in dogs with acute hemorrhagic diarrhea syndrome (AHDS).



AHDS is characterized by the sudden onset of hemorrhagic diarrhea [3]. Intestinal biopsies demonstrate the presence of necrotizing enterocolitis, suggesting a likely dysfunction of the mucosal–blood barrier [4]. The loss of albumin through the intestine further supports the hypothesis of intestinal barrier dysfunction in dogs with AHDS [5]. During the acute phase of the disease, intestinal biopsies have revealed the presence of clostridial strains adhering to the surface of necrotic lesions [4]. Recently, a Clostridium perfringens type A strain carrying pore-forming toxins (NetE and NetF) was isolated from a dog with AHDS, and the cytotoxic effect of NetF has been confirmed in vitro [6]. Based on these findings and other studies demonstrating a significantly higher occurrence of NetF-toxin-encoding C. perfringens in dogs with AHDS compared to healthy dogs or dogs with parvovirus infection [7,8,9], it is suspected that C. perfringens and NetF play a major role in the pathogenesis of AHDS. In addition to the toxic effect of NetF, intestinal ischemia, resulting from hypovolemia and hypoperfusion of the intestinal mucosa caused by extensive fluid loss as well as reperfusion damage, may contribute to increased permeability in these dogs [10,11].



Dogs with AHDS often show hypoalbuminemia [5,12]. This not only allows the hypothesis that dogs with AHDS have increased intestinal permeability (IP) but also confirms this with a high degree of probability. However, intestinal permeability (IP) has never really been measured in dogs with AHDS. Various markers are available for assessing IP, but they differ in size, location, degradation mechanism, and analysis method [13]. In addition to endogenous markers for IP measurement (e.g., albumin), there are also numerous exogenous markers. Endogenous markers are often influenced by many factors, such as the degree of dehydration, so these parameters are very variable in individual dogs [12]. Therefore, we focused on exogenous markers for the determination of IP in the study. 51Chromium-labeled ethylenediaminetetraacetic acid (51Cr-EDTA) is considered the gold standard, but its use is limited due to radioactivity [14,15]. Other IP tests employ sugars like lactulose, sucrose, and rhamnose [16,17]. However, these sugars are metabolized differently and often degraded in the stomach or small intestine in dogs, failing to represent permeability across the entire gastrointestinal tract [18]. In a recent study, iohexol, a non-radioactive iodinated contrast medium, was examined for its potential in assessing intestinal permeability [14,15]. Iohexol has a similar permeability pathway to 51Cr-EDTA [14,15] but offers the advantage of not being radioactive. In addition, the serum iohexol concentration can easily be measured using a commercially available enzyme-linked immunosorbent assay (ELISA) rather than complex assays such as liquid chromatography–mass spectrometry [19].



Therefore, we tried to find a measurable way to identify severe barrier dysfunction by evaluating iohexol. That is why the objectives of this study were to evaluate IP by measuring serum iohexol concentrations (SICs) in dogs with AHDS, comparing them with healthy dogs, and establishing correlations between serum iohexol levels, clinical severity (e.g., AHDS index), and SIRS criteria.




2. Materials and Methods


2.1. Study Design


The prospective case–control study was approved by the Ethics Committee of Veterinary Medicine, Ludwig-Maximilians-University, Munich, Germany (approval number 128-10-06-2018). All dogs included in the study were client-owned and presented to the Clinic for Small Animal Medicine, LMU Munich, Germany between October 2020 and March 2022. The owners were fully informed about the objectives of the study.




2.2. Study Population


2.2.1. Dogs with AHDS


Dogs of all breeds, sexes, and ages presenting with acute hemorrhagic diarrhea (<3 days) were eligible for inclusion in the study. Dogs were excluded if they had received medications known to cause mucosal erosions, which could lead to similar symptoms as AHDS (e.g., NSAIDs, corticosteroids, doxycycline), the week before presentation or if they had underlying diseases that could have contributed to hemorrhagic diarrhea. Underlying diseases were suspected if there was evidence of extra-gastrointestinal disorders such as pancreatitis, exocrine pancreatic insufficiency, acute kidney injury, or acute liver failure. Complete blood counts (CBCs) and serum biochemistry were performed on all dogs to assess their overall health status. Dogs with hypoadrenocorticism disease were also excluded. None of the included dogs exhibited hyponatremia, hyperkalemia, or both. Additionally, no dogs displayed an absent stress leukogram. Abdominal ultrasound was conducted on all dogs to screen for focal intestinal disorders (e.g., neoplasia), mechanical obstructions (e.g., foreign body, intussusception), and other visceral diseases. Dogs suspected of having pancreatitis (based on typical ultrasound findings and high-grade abdominal pain) were also excluded. Furthermore, dogs with positive fecal examinations for nematodes (flotation) or protozoan parasites (flotation and IDEXX SNAP Giardia test kit, IDEXX GmbH, Kornwestheim, Germany) were not included. Standardized treatment was administered to all dogs, consisting of fluid therapy (crystalloids, with fluid volume adjusted according to dehydration grade, maintenance requirements, and ongoing losses), analgesics (buprenorphine 0.01 mg/kg i.v. every 6–8 h or metamizole 50 mg/kg i.v. every 8 h), and antiemetics (maropitant 1 mg/kg i.v. every 24 h, with metoclopramide 60 μg/kg/h i.v. as needed). Antibiotic treatment was given to seven out of the twenty-eight dogs. One dog received marbofloxacin at a dosage of 4 mg/kg i.v. for 1 day, followed by 2 mg/kg i.v. every 24 h, while five dogs were treated with amoxicillin-clavulanic acid at a dosage of 20 mg/kg i.v. every 8 h. In all of these cases, antibiotic treatment was initiated due to suspected sepsis, as determined by the attending veterinarian. An additional dog received amoxicillin-clavulanic acid at a dosage of 12.5 mg/kg i.v. every 8 h due to a urinary infection and a nephrolith. Antibiotic treatment in all seven dogs began after sampling for iohexol measurement. After the intervention, a subset of dogs (n = 14) was included in another study evaluating microbiota modulation and therefore was not included in the statistical correlation analysis between SIC and length of hospitalization time. Dogs were eligible for discharge from the hospital when they exhibited a good general condition and when their diarrhea was no longer bloody, with a frequency of ≤3 times per day, indicating that fluid losses no longer required intravenous fluid administration.




2.2.2. Healthy Control Group


The control group comprised 25 client-owned dogs that were clinically healthy. Fecal testing (Giardia antigen test; fecal flotation) was conducted on all dogs to exclude Giardia and other endoparasites. Furthermore, comprehensive assessments including CBC, serum biochemistry, vitamin B12, folic acid, basal cortisol, canine trypsin-like immunoreactivity (cTLi), and canine pancreatic lipase immunoreactivity (cPLi) were performed on all dogs. Dogs were included in the study if all the above tests were negative or within the reference interval.





2.3. Iohexol Measurement


Following rehydration, a mixture of 2 mL/kg body weight of iohexol (OmnipaqueTM 350 mg/mL, GE Healthcare, Munich, Germany) and food (gastrointestinal liquid diet, Royal Canin, Cologne, Germany) was administered orally to the dogs using a syringe. Serum samples were collected 2 h after iohexol administration [14]. It is important to note that if any of the dogs had vomited at the time of the SIC measurement, they would have been excluded from the study. These samples were then frozen and stored at −80 °C until the measurement of SIC, which was performed using a previously validated ELISA (Functional immunoassay technology (FIT)-GFRTM Iohexol kit, BioPAL, Worcester, MA, USA) [19]. The same procedure was carried out for the healthy dogs.




2.4. Evaluation of Disease Severity and Clinical Outcome


Disease severity was assessed using the AHDS index (Table 1) [12,20] on the day of presentation and concurrently with the iohexol measurement. Based on the AHDS index, dogs were categorized into two groups: dogs with mild–moderate (AHDS index < 9) and dogs with severe disease activity (AHDS index ≥ 9). This allowed for the correlation between IP and clinical severity. Fecal consistency was assessed using the Purina Fecal Scoring System for Dogs (PFS), which can be accessed at https://www.purina.de/artikel/hunde/gesundheit/verdauung/hundekot (accessed on 8 August 2022). Signs of systemic disease were evaluated based on criteria for systemic inflammatory response syndrome (SIRS) (Table 2). These criteria were adapted from previous veterinary publications [21,22,23]. Hypoglycemia and the presence of an inflammatory leukogram were additional factors considered for SIRS categorization. CBCs were not performed in eight out of twenty-eight dogs, and glucose measurements were not performed in seven out of twenty-eight dogs at the time of SIRS criteria determination. The severity of the disease according to the SIRS criteria was determined at the time of iohexol measurement, when the dogs had already been rehydrated to minimize any potential interference of hypovolemia with clinical signs of SIRS [22]. In addition, the serum iohexol concentration was measured during the determination of the SICs. A serum albumin concentration of <30 g/L was classified as hypoalbuminemia.




2.5. Statistical Analysis


Statistical analyses were performed using Microsoft Office Excel version 16.63.1 and GraphPad Prism version 9.4.1 (San Diego, CA, USA). Normal distribution was tested using the Shapiro–Wilk normality test. The Mann–Whitney U-test and unpaired t-test were employed to compare SIC between healthy dogs and dogs with AHDS, as well as to assess the relationship between SIC and clinical severity indicators (AHDS index, SIRS criteria, hypoalbuminemia). Therefore, the SICs are expressed below as mean or median according to the normal distribution. Spearman’s rank correlation (rs) and Pearson’s correlation coefficient (rP) were used to examine the correlation between SIC and albumin concentration, hospitalization time, and AHDS index. A p-value of <0.05 was considered statistically significant.





3. Results


3.1. Signalment


A total of 28 dogs with AHDS met the inclusion criteria. The mean age of dogs with AHDS was 7.0 years (range: 1.2–14.1 years). The most represented breeds were mixed-breed dogs (10), Cavalier King Charles Spaniel (2), Shih Tzu (2), Cocker Spaniel (2), and Dachshund (2). Fifteen dogs were female (six spayed), and thirteen dogs were male (six neutered). The mean body weight was 11.2 kg (range: 1.8–46). In the control group, there were 25 healthy dogs with a mean age of 4.7 years (range: 1–10 years). The most common breeds were mixed-breed dogs (7). Seventeen dogs were male, and eight dogs were female. The mean body weight was 16.4 kg (range: 2.6–43.3). There was a significant difference between the two groups in age (p = 0.02). The weight did not differ significantly between the two groups (p = 0.96). With regard to age, there was no significant difference between dogs with AHDS that had SIC > 30 μg/mL and dogs with AHDS that had SIC < 30 μg/mL (p = 0.26). A SIC of 30 μg/mL was chosen as the cut-off because this was the median value of SIC in the healthy control group (see below).




3.2. Comparison of SIC between the Healthy Control Group and Dogs with AHDS


Dogs with AHDS had significantly higher SIC than those in the healthy control group (p = 0.002). The dogs with AHDS had a median SIC value of 51 μg/mL (min–max: 9–246), whereas the healthy control group had a median SIC value of 30 μg/mL (min–max: 11–57) (Figure 1).




3.3. Correlation between Clinical Severity and Serum Iohexol Concentration


Nine of twenty-eight dogs were classified into the group with mild–moderate (AHDS index < 9) and nineteen of twenty-eight with severe disease activity (AHDS index ≥ 9). Seven out of the twenty-eight dogs exhibited significant hemoconcentration, with a hematocrit level greater than 60% at the time of presentation. There was no significant difference in SIC between dogs with a hematocrit ≤60% and >60% (p = 0.5). A significant positive correlation was observed between the AHDS index and SIC (rS = 0.4; p = 0.03), as shown in Figure 2.



Healthy dogs exhibited a mean SIC of 31 μg/mL (range: 11–57), dogs with a mild–moderate disease activity of 29 μg/mL (range: 9–54) and dogs with a severe disease activity of 106 μg/mL (range: 17–246). There was no significant difference in SIC between healthy dogs and dogs with a mild–moderate disease activity (p > 0.99). However, dogs classified with severe clinical activity displayed significantly higher SIC levels compared to healthy dogs (p < 0.001) and dogs classified with low to moderate clinical activity (p = 0.002), as depicted in Figure 3.



It is important to note that while all 28 dogs survived, the correlation between SIC and hospitalization time only included 14 out of 28 dogs, as the remaining dogs were part of a separate study focused on evaluating microbiota modulation. The median hospitalization time for dogs with AHDS was 3 days. A significant positive correlation was found between hospitalization time and SIC (rS = 0.69; p = 0.007). There was no significant correlation (rP = 0.29 p = 0.3) between hospitalization time and AHDS index.



Dogs that met two or more SIRS criteria after rehydration and pain management were classified as having a systemic inflammatory response. A significant difference in SIC (p = 0.02) was observed between dogs with two or more SIRS criteria (n = 7; median: 165; min–max: 26–246) and dogs with less than two SIRS criteria (n = 13; median: 48; min–max: 9–174), as shown in Figure 4.



Serum albumin concentration was determined after rehydration in 21 out of 28 dogs, and it exhibited a significant negative correlation with SIC (rP = −0.55; p = 0.01); see Figure 5.



Hypoalbuminemia was defined as a serum albumin concentration < 30 g/L. Dogs with AHDS and hypoalbuminemia (n = 13; mean: 134; range: 26–246) had significantly higher SIC levels (p = 0.02) compared to dogs with albumin concentrations within the reference range (n = 8; mean: 42; range: 9–84) (Figure 6).




3.4. Antibiotic Group


Out of the twenty-eight dogs, seven received antibiotic treatment. Among these, six dogs were treated because the attending veterinarian classified them as septic. One dog received antibiotics due to an incidental finding of a urinary infection and a nephrolith, and this particular dog was excluded from the subsequent analysis as the antibiotic use was unrelated to the severity of AHDS. In all dogs, antibiotic treatment was initiated after sampling for iohexol measurement. Dogs in which a sepsis was suspected, and which received antibiotics, exhibited significantly higher SIC levels (p = 0.01) compared to the other dogs with AHDS, as shown in Figure 7. Dogs suspected as septic (n = 6) had a median SIC value of 173 μg/mL (min–max: 44–246), while the other dogs with AHDS (n = 21) had a median SIC value of 42 μg/mL (min–max: 17–174). All six dogs had an AHDS index ≥ 9, indicating severe disease. Moreover, four out of six dogs were classified as positive for the presence of SIRS, and five out of six dogs were hypoalbuminemic. Follow-up was possible for 14 out of 28 dogs, revealing a significant difference (p = 0.01) in hospitalization time between dogs that were treated with antibiotics due to suspicion of sepsis (n = 3) and other dogs with AHDS (n = 11).





4. Discussion


This study assessed IP in dogs with AHDS by measuring SICs. Our findings revealed an elevated IP when compared to a healthy control group. Additionally, we observed a correlation between the severity of clinical signs in dogs with AHDS and the extent of IP.



IP refers to the ability of substances to traverse the intestinal wall and enter the bloodstream. Various factors can disrupt the integrity of the intestinal barrier, resulting in increased IP [1,2,24,25]. These factors encompass infiltration of neoplastic or inflammatory cells into the mucosa and exposure to toxins [1,2,24,25]. In humans, infections caused by toxin-producing bacteria (e.g., Vibrio cholerae’s cholera toxin, Escherichia coli O157:H7′s Shiga toxin) can inflict substantial damage to the intestinal epithelium [26,27]. Given the occurrence of necrotizing enteritis observed in histopathologic studies, we postulated that dogs with AHDS might exhibit increased IP, likely due to a breakdown of the mucosa–blood barrier [4]. This breakdown is thought to be attributable to the presence of toxins, particularly NetF, produced by C. perfringens, leading to epithelial destruction [4,6,7,9,28]. Additionally, severe dehydration resulting from prolonged diarrhea could contribute to heightened permeability [10,12,22]. The resultant reduced perfusion of splanchnic organs may further exacerbate increased IP. Assessing IP in dogs with AHDS could be beneficial for gauging disease severity. Specifically, it may provide insights into nutrient malabsorption, the absorption of orally administered drugs, and the identification of an elevated risk of bacterial and antigen translocation, potentially culminating in sepsis and immune system sensitization.



Multiple techniques are available for measuring IP. In our study, we employed iohexol to determine IP. Iohexol follows a similar pathway to the gold standard marker, 51Cr-EDTA, but offers the advantage of being non-radioactive, making it suitable for routine clinical use [14,17,29,30]. Its efficacy has been demonstrated in previous research, further supporting its utilization [14,15]. Unlike sugars such as rhamnose, sucrose, and lactose, which are commonly employed permeability markers, iohexol remains unaffected by bacterial degradation or metabolism, enabling permeability assessment across the entire gastrointestinal tract [15,17]. Additionally, iohexol exhibits low osmolarity, binds minimally to plasma proteins, and demonstrates low toxicity and enhanced tolerability [31,32,33,34]. Its hydrophilic nature restricts easy traversal across lipophilic cell membranes [31]. Studies have consistently affirmed iohexol as a reliable and accurate marker for evaluating IP [14,15,29,34,35]. In human medicine, elevated SIC has been observed in patients with Crohn’s disease compared to healthy individuals, with a notable positive correlation between clinical severity and SIC [36]. In dogs, iohexol has been utilized to determine glomerular filtration rate in previous investigations [37,38,39]. Two specific studies have assessed IP using iohexol: one conducted by Frias et al., which demonstrated a strong linear association between iohexol and 51Cr-EDTA in healthy beagle dogs [15], and another conducted by Klenner et al., which examined different dosages and the timing of serum iohexol determination in healthy dogs [14]. Following the findings of Klenner et al., we administered an oral dose of 2 mL/kg of iohexol and measured SIC after a 2 h interval, as this yielded the highest SIC in healthy dogs [14].



In our study, dogs with AHDS exhibited significantly higher SIC than dogs in the healthy control group. However, it was surprising that only a subset of AHDS patients displayed increased SIC compared to the healthy dogs. One possible explanation could be variations in the severity of mucosal barrier destruction among patients, leading to varying degrees of IP. The clinical progression of AHDS is highly dynamic, with most dogs experiencing clinical improvement within a few days, while a smaller proportion may develop complications such as significant hypoalbuminemia and signs of systemic inflammation. Additionally, the severity and extent of histologic lesions can vary significantly among dogs with AHDS [40]. These factors, along with variations in disease severity and different stages of presentation, might account for the differences observed in SIC or for the fact that SIC may not have optimal sensitivity for IP.



We evaluated clinical severity using the AHDS index and SIRS criteria and found a significant correlation between SIC and the AHDS index. This implies that dogs with more pronounced clinical signs exhibited a greater increase in IP. While it can be presumed that all dogs with hemorrhagic diarrhea have some level of mucosal damage, elevated SIC may specifically indicate dogs with severe mucosal destruction. Considering iohexol’s larger molecular size (821 Dalton) compared to 51Cr-EDTA (359 Dalton), iohexol may still be too large to detect mild forms of IP changes. Further studies employing 51Cr-EDTA, a more sensitive marker of IP, could be beneficial in identifying even minor functional changes in this group of dogs.



Furthermore, dogs with hypoalbuminemia (<30 g/L) exhibited significantly higher SIC than dogs with normal serum albumin levels. However, it is worth noting that there was one dog with hypoalbuminemia that demonstrated a SIC of 26 μg/mL, which is lower than the median SIC of healthy dogs. This finding was unexpected since albumin, with a molecular weight of 66,470 Daltons, is considerably larger than iohexol (821 Daltons), which, due to its smaller size, should more easily pass the intestinal barrier. One possible explanation is that SIC measurements offer only a transient snapshot, and it is plausible that serum iohexol concentrations in these dogs could have been higher at a different time point of measurement. We tried to standardize the SIC measurement, but we cannot rule out the possibility that some individual dogs had a delayed gastric emptying due to disease-associated hypomotility and thus less iohexol arrived in the small intestine, the region where it is absorbed in case of barrier dysfunction.



There are inherent risks of sepsis development in dogs with AHDS [10]. Alongside the presence of a damaged mucosal surface, numerous bacteria can be found adhering to the necrotic surface [4], potentially representing an additional risk factor for bacterial translocation. Furthermore, dogs with AHDS commonly experience severe dehydration, which further contributes to the likelihood of sepsis development [10]. In our study, SIRS assessment was conducted after rehydrating dogs with AHDS to prevent misclassification due to hypovolemia. Dogs that met two or more SIRS criteria demonstrated significantly higher SIC compared to dogs without evidence of SIRS. This result indicates that the severity of clinical signs is associated with the degree of IP. Despite the general risk of bacterial translocation, most dogs with AHDS exhibit rapid improvement with symptomatic treatment alone. The administration of antibiotics did not result in a significantly faster resolution of clinical signs in a group of dogs with aseptic AHDS [22]. In our study, six dogs received antibiotic treatment due to suspected sepsis, and these dogs displayed significantly higher SIC than the other dogs. Additionally, these dogs were classified as clinically severe (AHDS index ≥ 9). Furthermore, three of these dogs exhibited the highest SIC (180 μg/mL, 212 μg/mL, 246 μg/mL), indicating the highest degree of IP. These findings might support the hypothesis that severe intestinal barrier dysfunction could lead to an increased translocation of intestinal bacteria, leading to SIRS symptoms. To confirm this with greater certainty, blood cultures or the measurement of lipopolysaccharides would have been necessary, as it is conceivable that these dogs did not exhibit sepsis, but only severe SIRS, and therefore, antibiotic therapy would not have been indispensable in these patients. Further studies would be necessary to evaluate whether iohexol can serve as a useful marker in identifying dogs with severe barrier dysfunction that might benefit from antibiotic treatment at presentation prior to fluid therapy.



In a retrospective longitudinal study, dogs with a prior episode of AHDS exhibited a higher prevalence of chronic gastrointestinal signs later in life than control dogs [25]. Many of these dogs responded well to dietary trials, suggesting that allergens crossing the epithelial barrier during the acute disease phase may contribute to the development of food allergies [25]. One possible explanation is that increased IP leads to a heightened transfer of dietary components into the bloodstream. This overwhelms the immune system, resulting in a loss of oral tolerance and subsequent sensitization to food components [25,41]. Further research is required to determine whether this particular subgroup of dogs, characterized by signs of intestinal barrier dysfunction indicated by elevated SIC, faces an elevated risk of developing chronic gastrointestinal disorders. Additionally, investigating whether iohexol can serve as a long-term prognostic marker in dogs with severe hemorrhagic enteritis would be valuable. Alternatively, it is plausible that intestinal damage persists in these patients, leading to changes consistent with chronic inflammatory enteropathy.



One limitation of the study is the variation in treatment among patients. However, it is important to note that none of the dogs received any drugs (such as NSAIDs, corticosteroids, or doxycycline) known to potentially harm the intestinal barrier. Another limitation of the study is that the healthy dogs differed significantly in age from the dogs with AHDS. This limitation was not considered critical by the authors as all dogs were adults, and there was no statistically significant difference in age between dogs with AHDS that had SICs > 30 μg/mL (which was the median value of the healthy control group) and those that had SICs < 30 μg/mL. It can therefore be concluded that age has no significant influence on intestinal permeability.



Our findings support the hypothesis that some dogs with AHDS exhibit heightened IP, as measured by iohexol. However, it is important to note that not all dogs demonstrated increased IP using this marker, which could be attributed to variations in the extent of intestinal mucosal damage. Moreover, we observed a correlation between the degree of IP and clinical severity, with dogs classified as SIRS patients displaying the highest SIC. Follow-up studies are necessary to monitor these patients and determine whether dogs with elevated SIC are at risk of developing chronic gastrointestinal disorders. This investigation will help assess the potential of iohexol as a long-term prognostic marker in dogs with AHDS.




5. Conclusions


In conclusion, our study has shown that there is a correlation between increased intestinal permeability, as measured by serum iohexol concentration, and clinical severity in dogs with AHDS. It has also been shown that in general, dogs with AHDS have increased intestinal permeability assessed by SIC. However, further research is needed to evaluate the potential long-term effects of altered intestinal barrier function on the development of chronic intestinal disease in affected dogs.
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Figure 1. Comparison of SIC of healthy dogs and dogs with AHDS. The y-axis shows the level of SIC in μg/mL. The horizontal lines represent the median SIC. Dogs with AHDS showed significantly higher SIC compared to healthy dogs (p = 0.002). 
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Figure 2. Correlation between AHDS index and SIC. The AHDS index includes the parameters activity, appetite, vomiting, fecal consistency, fecal frequency, and dehydration grade. Each parameter has a score of 0–3, and the sum of scores gave a total cumulative score. The AHDS index was determined similarly to the SIC. There was a significant positive correlation between the AHDS index and SIC (rS = 0.4; p = 0.03). 
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Figure 3. Comparison of SIC between healthy dogs, dogs with a mild–moderate clinical course, and dogs with a severe clinical course. Dogs with an AHDS index ≥ 9 (n = 19) showed significantly higher SIC compared to dogs clinically classified as mild–moderate (AHDS index < 9; n = 9) (p = 0.002) and healthy dogs (n = 25) (p < 0.001). There was no difference in SIC between healthy dogs and the dogs with a mild–moderate disease activity (p > 0.99). The horizontal lines show the mean SIC in each group. 
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Figure 4. Comparison of SIC between dogs classified as positive for the occurrence of SIRS and dogs classified as negative. SIRS criteria were assessed after rehydration at the time of SIC measurement. The criteria included clinical criteria (hypo- or hyperthermia, tachycardia, and tachypnea) and laboratory changes (leukopenia or leukocytosis, left shift, hypoglycemia). If a dog had ≥ 2 criteria, it was classified as positive for the occurrence of SIRS. These dogs (n = 7) showed significantly (p = 0.02) higher SIC compared with dogs classified as negative for the occurrence of SIRS (n = 13). The horizontal lines show the median SIC of the different groups. 
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Figure 5. Correlation of serum albumin concentration and SIC. The serum albumin concentration was determined in 21/28 dogs after rehydration. The serum albumin concentration correlated significantly negatively (rP = −0.55; p = 0.01) with SIC. 
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Figure 6. Comparison of SIC between dogs that were hypoalbuminemic and dogs that were not. We defined a serum albumin concentration < 30 g/L as hypoalbuminemia. Dogs with hypoalbuminemia (n = 13) showed significantly (p = 0.02) higher SIC compared with dogs with a normal albumin concentration ≥ 30 g/L (n = 8). The horizontal lines show the mean SIC of the different groups. 
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Figure 7. Comparison of SIC between dogs with AHDS with and without antibiotic treatment due to the suspicion of sepsis. Dogs in which sepsis was suspected (n = 6) showed significantly higher SIC compared to other dogs with AHDS (n = 21) (p = 0.01). The horizontal lines show the median SIC of the two different groups. 
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