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ABSTRACT

Background Patients with type 1 diabetes have shown an increase in circulating cytokines, altered

lipoprotein metabolism and signs of vascular dysfunction in response to high-fat meals. Intestinal

alkaline phosphatase (IAP) regulates lipid transport and inflammatory responses in the

gastrointestinal tract. We therefore hypothesized that changes in IAP activity could have profound

effects on gut metabolic homeostasis in patients with type 1 diabetes.

Methods Fecal  samples  of  41  non-diabetic  controls  and  46  patients  with  type  1  diabetes  were

analyzed for IAP activity, calprotectin, immunoglobulins, and short-chain fatty acids (SCFAs). The

impact of oral IAP-supplementation on intestinal immunoglobulin levels was evaluated in C57BL/6

mice exposed to high-fat diet for 11 weeks.

Results Patients with type 1 diabetes exhibited signs of intestinal inflammation. Compared to

controls,  patients  with  diabetes  had  higher  fecal  calprotectin  levels,  lower  fecal  IAP  activities

accompanied by lower propionate and butyrate concentrations. Moreover, the amount of fecal IgA

and the level of antibodies binding to oxidized LDL were decreased in patients with type 1 diabetes.

In mice, oral IAP supplementation increased intestinal IgA-levels markedly.

Conclusion Deprivation of protective intestinal factors may increase the risk of inflammation in the

gut – a phenomenon which seems to be present already in patients with uncomplicated type 1 diabetes.

Low levels of intestinal IgA and antibodies to oxidized lipid epitopes may predispose such patients

to inflammation-driven complications such as cardiovascular disease and diabetic nephropathy.

Importantly,  oral  IAP  supplementation  could  have  beneficial  therapeutic  effects  on  gut  metabolic

homeostasis, possibly through stimulation of intestinal IgA secretion.
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Dyslipidemia and chronic inflammation are common denominators of obesity, the metabolic

syndrome (MetS), and cardiovascular diseases. A high-fat diet promotes the translocation of lipid-

soluble bacterial endotoxins from the gut into the circulation, which may eventually lead to systemic

inflammation and aberrant peripheral immune cell activation [1]. Despite a vast number of human

studies, the understanding of factors regulating nutrient intake, host-microbiota interactions, and host-

defense mechanisms is still limited.

Alkaline phosphatases (AP) belong to a class of hydroxylase enzymes capable of removing phosphate

groups from nucleotides, lipids and proteins. Increased serum AP levels have been associated with

low-grade chronic inflammation and dyslipidemia [2]. Humans express four AP isoforms: 1) tissue

non-specific AP (TNAP) located mainly in the bone, liver, and kidney; 2) placental AP (PLAP); 3)

germ-line specific AP (GCAP), and 4) intestinal AP (IAP). IAP regulates duodenal surface pH by

bicarbonate secretion, inhibits bacterial translocation through the gut epithelia, and controls the

uptake of dietary lipids. Hormones, dietary components, and microbial by-products regulate IAP

expression and secretion in intestinal epithelial cells. The histone deacetylase inhibitor butyrate,

produced by bacterial carbohydrate fermentation, is a well-known activator of IAP gene expression

[3]. IAP knockout mice exhibit increased fat absorption and obesity suggesting that IAP is an

important regulator of intestinal lipid transport [3]. IAP reduces luminal ATP concentrations and

dephosphorylates bacterial endotoxins, thereby promoting intestinal bacterial growth and tolerance

to commensal microbiota [4]. In healthy human subjects, IAP accounts for ~80% of the total fecal

AP activity [5]. Reduced fecal IAP levels have been reported in patients with inflammatory bowel

disease (IBD), celiac disease, and type 2 diabetes [5-7].

IAP has many potential therapeutic effects. In animal models of intestinal damage, oral administration

of IAP reduced gut epithelial damage and inflammation [8]. In IAP-knockout mice, the development

of MetS was prevented by oral IAP supplementation [4, 9]. In humans, treatment with bovine IAP

mitigated adverse symptoms of sepsis and showed beneficial renoprotective effects [4].

Chronic low grade inflammation, dyslipidemia, and metabolic endotoxemia have been associated

with the development of diabetic nephropathy [10, 11]. In our recent study, patients with type 1

diabetes exhibited signs of vascular dysfunction and adverse changes in postprandial lipid and

lipoprotein balance in response to high-fat meals [12]. Because serum inflammatory markers were

increased without direct evidence of endotoxin mediated cytokine production from circulating

leukocytes [13], we hypothesized that the subsequent increase in postprandial blood cytokine
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concentrations could result from local inflammation in peripheral tissues. Since intestinal IAP

deficiency has been linked to microbial dysbiosis and inflammation of the gut, we asked whether IAP

could affect gut homeostasis in patients with type 1 diabetes.

Material and methods

Study Subjects

The study subjects participated in the FinnDiane Study and included 41 non-diabetic controls, 36

patients with type 1 diabetes and normal albumin excretion (AER<20µg/min or <30 mg/24 h) and 10

patients with type 1 diabetes and macroalbuminuria (AER≥200µg/min or ≥300 μg/24 h). Inclusion

criteria were: 1) age 18-65 years; 2) no use of antibiotics during the past month; 3) no trips outside

the Nordic countries during the past month. Type 1 diabetes was defined as age at onset below 40

years and permanent insulin treatment initiated within one year of diagnosis. Participants completed

a food record covering three days preceding the investigation day. The use of medication was

recorded by a standardized questionnaire. Participants collected fecal samples at two separate

occasions approximately one week apart. The first fecal sample was collected one week before the

investigation day, and the second 1-3 days after. Study subjects shipped their fecal specimens by post

within 24 hours, where after the samples were stored at -80°C until analyzed. The study protocol was

approved by the local ethics committee (Ethics Committee, Department of Medicine, Helsinki

University Central Hospital), and all participants gave an informed consent to participate in the study.

On the investigation day, participants were given three energy-rich meals (2600 kcal total): breakfast

(at 8:00 hrs - 965 kcal, 58% of total energy (E%) from fats), lunch (12:00 hrs - 870 kcal, 44 E% fats),

and dinner (16:00 hrs - 779 kcal, 46 E% fats) [12]. Blood samples were drawn after overnight fasting

at 8:00 hrs and every two hours until 18:00 hrs. A 24-hour urine collection was carried out during the

research day. Blood glucose, urinary albumin, and serum creatinine concentrations were determined

by routine methods at the laboratory of the Helsinki University Hospital (HUSLAB, Helsinki,

Finland).  Kidney status was assessed by calculating the urinary albumin excretion rate (AER) and

kidney function by calculating the estimated glomerular filtration rate (eGFR). Serum insulin

concentrations were determined with the Wallac AutoDELFIA Insulin kit (PerkinElmer, Turku,

Finland) using an automatic analyzer (Wallac 1235 Automatic Immunoassay System, Wallac, Turku,

Finland).

Serum lipids (triglycerides, total cholesterol, HDL-cholesterol), apolipoproteins (apoA-I, apoB-100,

apoB-48, apoE) and the major lipid transfer proteins PLTP and CETP were measured as previously
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reported [12]. Serum LPS-activity was measured kinetically from 1:5 diluted serum samples with the

Limulus amoebocyte lysate assay (LAL, Hycult, Uden, the Netherlands) as described earlier [12].

Serum Alkaline Phosphatase Activity

Serum AP activity was analyzed in HUSLAB, and included quantitation of total-, bone-, liver-,

intestinal-, and macromolecular AP activity. Total AP in serum was measured with a photometric

assay (reagent kits and Modular P800 analyzers Roche Diagnostic, Basel, Switzerland), according to

the recommendations of the International Federation of Clinical Chemistry (IFCC). Serum AP

isoenzymes were separated using alkaline buffered agarose gels (Supplementary figure 3).

Fecal Intestinal Alkaline Phosphatase Activity

Fecal intestinal alkaline phosphatase (fIAP) activity was measured with an in-house colorimetric

assay. Human (fecal) and mouse (cecum, colon) samples (50 mg) were homogenized in 500 µl

extraction buffer (0.1 mM ZnCl2, 1 mM MgCl2, 10 mM Tris-HCl pH 8.0) using 0.1 mm glass beads

(Precellys, Bertin Technologies, France). After centrifugation (13000 rpm/10 min/4°C), supernatants

were collected for the determination of fecal IAP activities and total protein concentrations. A

standard curve was prepared using serial dilutions of p-nitrophenyl phosphate (pNPP) and a fixed

amount of calf intestinal alkaline phosphatase (CIAP) in the final reactions (Sigma-Aldrich, St. Louis,

MO, USA). Substrate stock was prepared by dissolving 1 tablet of pNPP in 5 ml sterile water (4.56

mM). For the standard preparation, an intermediate 2 mM pNPP stock was prepared in an assay buffer

(0.1 mM ZnCl2, 1 mM MgCl2, 10 mM Tris-HCl pH 10.0). Standard reactions were performed in 100

µl volume including 10 µl pNPP standard (0-20 nmol; 0-67 U/l), 80 µl assay buffer and 10 µl CIAP

(50 U/ml). Sample reactions were performed in 100 µl including 10 µl fecal sample extracts, 45 µl

assay buffer, and 45 µl 4.56 mM pNPP stock. Standards and samples were incubated at 37°C for 30

min, reactions were stopped by adding 20 µl 3 M NaOH. In order to determine sample background,

fecal  extracts  and  all  assay  reagents  were  combined  simultaneously  into  a  control  well  in  a  total

volume of 120 µl before starting the assay. OD-values were determined at 405 nm with the correction

wavelength set to 630 nm. Samples with high AP-activities were diluted 1:10, 1:50, or 1:200 in the

subsequent analyses. IAP activity was calculated using the following formula: IAP activity (U/ml) =

A/V/T where  A is  the  amount  of  pNP generated  in  µmol,  V is  the  sample  volume in  ml,  T  is  the

reaction time in minutes. Finally IAP activities were normalized with the fecal protein concentrations

determined by the Lowry method (DC protein assay, Bio-Rad, CA, USA). In the present study, the

inter- and intra-assay coefficients of variation for the fecal IAP activity measurements were 13.7%

and 2.5%, respectively.
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Real-time PCR analyses of ABO and FUT2 genotypes

The ABO alleles (rs8176719, rs8176746 and rs8176747) were determined by TaqMan real-time PCR

(Bio-Rad CFX96, Bio-Rad, Hercules, CA, USA) as described earlier [14]. FUT2 genotyping was

based on the marker rs601338 [15]. The distribution of genotype frequencies did not significantly

deviate from Hardy–Weinberg equilibrium.

Analysis of Fecal Short Chain Fatty Acids

Short chain fatty acid levels (SCFA; acetate [C2], propionate [C3], butyrate [C4], valerate [C5] and

isovalerate [iC5]) were measured with an HP 5890 series gas chromatograph (Hewlett-Packard,

Waldbronn, Germany) equipped with an HP-FFAP column (30 m x 0.53 mm; film thickness 1.0 µm)

and a flame ionization detector. Helium was used as carrier gas at a flow rate of 1 ml/min. The initial

column temperature of 75°C for 1 min was subsequently increased at a rate of 10°C/min to 140°C

(maintained for 8 min) and finally to 180°C, at a rate of 70°C/min, where it was maintained for 3 min.

The temperature of the injector and detector was 200°C and the split ratio 1:10. Three hundred

milligrams of fresh feces were diluted 1:5 in water and centrifuged (15000 x g/5 min). A volume of

23.6 µl 12 mM isobutyric acid (as an internal standard), 280 µl 0.36 M HClO4, and 270 µl 1 M NaOH

were added to 50 µl of the supernatant. The mixture was lyophilized, and the residue re-dissolved in

a mixture of 400 µl acetone and 100 µl 5 M formic acid. After centrifugation (14000 x g/ 5 min), 1

µl of the supernatant was injected into the gas chromatograph. Authentic standards were incorporated

in all runs.

Fecal antibodies

Total amounts of secretory IgA, IgG and IgM antibodies and isotype specific antibodies to oxidized

LDL (copper oxidized LDL – CuOx-LDL; malondialdehyde acetaldehyde LDL – MAA-LDL) in

human (fecal) and mouse (cecum, colon) samples were suspended in ice cold PBS buffer (0.1 g

feces/1ml buffer) containing 0.05% NaN3 and 0.27 mM EDTA and centrifuged (1500 x g/ 20 min/

+4°C). The supernatants were supplemented with protease inhibitors (100 mM PMSF and Sigma

FAST protease inhibitor cocktail) and centrifuged (16000 x g/ 10 min/ +4°C). The levels of total and

specific oxidized LDL IgA, IgG, and IgM antibodies were determined in the supernatants by a

chemiluminescence immunoassay [16]. Two oxidized LDL models, CuOx-LDL and MAA-LDL,

were analyzed and prepared as previously described [17]. Antigens at 5 μg/ml in PBS-EDTA were

incubated overnight at 4°C. Fecal supernatants were incubated one hour at room temperature, and the
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amount of antibody bound was detected with alkaline phosphatase-labeled goat anti-human

secondary antibodies for IgA, IgG and IgM (Sigma-Aldrich) using LumiPhos 530 (Lumigen)

chemiluminescence substrate. The luminescence readings (Victor3 multilabel counter, PerkinElmer,

Waltham, MA, USA) were expressed as relative light units (RLU / 100ms).

Fecal neutrophil markers

Fecal calprotectin concentrations were determined by ELISA according to the manufacturer’s

instructions (Buhlmann, Switzerland). Fecal calprotectin concentrations <50 µg/g are considered

normal. Higher levels (50-200 µg/g) implicate increased intestinal neutrophil activity, whereas values

>200 µg/g are indicative of active organic gastrointestinal disease. Fecal concentrations of tissue

inhibitors of metalloproteinases (TIMP-1) and the neutrophil degranulation markers myeloperoxidase

(MPO), matrix metalloprotease (MMP-) 8 and MMP-9 were determined by immunofluorometric

assay and ELISA as previously described [18, 19].

Animals

C57BL/6 mice were purchased from Jackson Laboratories USA. Animals in this study were

maintained in accordance with the guidelines prepared by the institutional animal care and use

committee (IACUC) at MGH based on the Care and Use of Laboratory Animals of the Institute of

Laboratory Resources, National Research Council [Department of Health, Education and Human

Services, Publication 85e23 (National Institutes of Health), revised 1985]. All animal protocols were

reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at MGH.

Animal Diets

Liquid Low-fat diet powder (LFD) [D12450HL; 70 E% from carbohydrate, 20 E% from protein, 10

E% from fat] and a liquid high-fat diet powder (HFD) [D12451L; 35 E% from carbohydrate, 20 E%

from protein, 45 E% from fat] were purchased from Research Diets (USA).

Oral IAP supplementation in mice

Drinking water and mouse chow diet were removed from all cages. Mice (n=28; males) were fed a

liquid diet provided in feeding bottles containing a suspension made of LFD powder in drinking water

to acclimate mice to the liquid diet feeding tubes. One week later, mice were fed a liquid diet using

feeding bottles containing a suspension made of HFD powder +/- different doses of IAP or its vehicle:

HFD + IAP vehicle (n=4), HFD + IAP (1.5, 3.0, 7.5, 15, 30 and 60 U/ml of liquid diet; 4 mice

/treatment group) for 11 weeks. The feeding bottles were changed every 12 hours with fresh IAP. In
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the end of the experiment, IAP treated mice were grouped for subsequent data analysis: low IAP (1.5

and 3.0 U/ml; n=8), medium IAP (7.5 and 15 U/ml; n=8), high IAP (30 and 60 U/ml; n=8).

Statistics

Descriptive data are presented as frequencies for categorical data, mean ± standard deviation (SD)

for continuous normally distributed variables, and median (interquartile range) for continuous skewed

variables.  Variation  between groups  was  analyzed  with  t-test  or  ANOVA for  normally  distributed

variables. Non-normally distributed data was analyzed using Mann-Whitney U test or Kruskal-

Wallis.  Pearson and Spearman´s correlations were used for normally and non-normally distributed

variables, respectively. The area under the curve (AUC) was calculated for the time points between

8:00 and 18:00 with the following formula [2 h*((x1/2)+x2+x3+x4+x5+(x6/2)), where x=value at time

point]. Differences in frequencies were assessed by Chi-squared analysis. In the animal experiments,

the impact of oral IAP supplementation on cecal and colonic output measures were studied with the

Jonckheere-Terpstra trend test. All statistical analyses were carried out using SPSS 22 (Chicago,

Illinois, USA).

Results

Patients with type 1 diabetes and controls displayed similar gender distribution, BMI, and blood lipid

profiles at baseline (Table 1). Patients with normal albumin excretion rate (AER) were slightly older

than the controls (43±10 vs. 37±11; p=0.011). Based on a 3-day food record (Supplementary Table

1), the median daily energy intake did not differ between the diabetic subjects and the controls

(controls 2098 [1815-2409] kcal/24 h; diabetic subjects with normal AER 1923 [1578-2397] kcal/24

h; diabetic subjects with macroalbuminuria 1324 [1266-2490] kcal/24 h). The proportion of energy

derived from dietary fats was similar amongst the three groups (controls 38 [33-42] E%; diabetic

subjects with normal AER 40 [36-46] E%; diabetic subjects with macroalbuminuria 36 [34-45] E%).

Also was the saturation/non-saturation degree of the dietary fat intake no different between the three

study groups. The total energy intake during the 10-hour study was 2600 kcal, of which 50% was

derived from fats [12].

Participants collected two stool samples approximately one week apart. Since fecal analyses showed

a strong positive correlation between the two time-points, mean values were used in the analyses

(Supplementary Table 2). Only significant differences between: (1) diabetic subjects with normal

AER and controls, and (2) diabetic subjects with macroalbuminuria and normal AER are reported.
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Fecal IAP Activity

Diabetic subjects with normal AER displayed lower fIAP activity than the controls (61 [26-221] vs.

131 [73-837] U/l; p=0.010) (Figure 1). Fecal IAP activity did not correlate with serum LPS activity,

nor with lipid or CRP concentrations.

Fecal neutrophil markers

Diabetic subjects with normal AER had higher fecal calprotectin concentrations compared to controls

(48 [29-90] vs. 29 [16-59] mg/g; p=0.028) (Figure 1). After age-adjustment, the difference remained

borderline significant (p=0.063). Based on the cutoff value of 50 mg/g, a mild pro-inflammatory state

of the gastrointestinal tract was more frequently seen in diabetic subjects with normal AER compared

to controls (50% vs. 25%; p=0.033). High calprotectin concentrations (>200 mg/g) were more

prevalent in diabetic subjects with macroalbuminuria compared to those with normal AER (40 % vs.

6%; p=0.017). Neutrophil degranulation marker MPO was similar between groups (Table 1), whereas

TIMP-1, MMP-8, and MMP-9 concentrations were undetectable (>75%) in most of the subjects (data

not shown).

Fecal Short Chain Fatty Acids

Diabetic subjects with normal AER showed lower total SCFA levels (414 [234-638] vs. 496 [404-

720] mmol/g dry weight; p=0.047), as well as propionate (70 [33-106] vs. 91 [66-116] µmol/g dry

weight; p=0.015) and butyrate (39 [23-81] vs. 71 [40-101] µmol/g dry weight; p=0.020) levels

compared to controls (Figure 2). SCFA concentrations correlated positively with carbohydrate intake

in diabetic subjects with normal AER (r=0.483; p=0.003).

Fecal immunoglobulins

Diabetic subjects with normal AER showed lower levels of total IgA compared to controls (1.9 [0.7-

3.6] vs. 3.4 [1.5-6.9] µg/g wet weight; p=0.015) (Figure 3). After age-adjustment, the difference

remained borderline significant (p=0.068). No differences were observed in the fecal levels of total

IgG  and  IgM  between  the  groups.  Fecal  IAP  activity  and  total  immunoglobulin  levels  correlated

significantly in the total population: IgA vs. fIAP (r=0.266; p=0.039), IgG vs. fIAP (r=0.349;

p=0.001) and IgM vs. fIAP (r=0.432; p<0.001) (Supplementary Figure 1). The levels of antibodies

to oxidized LDL were also lower in diabetic subjects with normal AER compared to controls: IgA-

MAA (9.2 [3.8-28.8] vs. 24.4 [12.7-57.1] relative units [RU]; p=0.008), IgA-CuOx (22.1 [12.0-43.4]
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vs. 56.4 [23.8-112.1] RU; p=0.002). Lower levels of IgA-MAA were observed in diabetic subjects

with macroalbuminuria compared to those with normal AER (0.7 [0.4-10.9] vs. 9.2 [3.8-28.8] RU;

p=0.043), and a similar trend was seen in the other immunoglobulin classes as well (Figure 3).

Oral IAP supplementation in mice

C57BL/6 male mice were exposed to a high-fat diet and various doses of calf intestinal phosphatase

(cIAP) for 11 weeks, where after cecal and colonic samples were isolated and extracted for subsequent

analyses. Compared to the reference group (no_cIAP; n=4), mice receiving the highest oral doses of

IAP (high_cIAP; n=8) demonstrated the highest cecal (7.9-fold; 411±106 vs. 3246±694 U/l, p=0.003)

and colonic (9.8-fold; 378±234 vs. 3709±1096 U/l, p=0.003) IAP activity (Figure 4). Similarly, oral

IAP supplementation increased the cecal (9.3-fold; 4.8±2.2 vs. 44.5±15.0 mg/ml, p=0.003) and the

colonic (3.1-fold; 5.9±2.6 vs. 18.5±9.7 mg/ml, p=0.014) content of total IgA, whereas total IgG and

total IgM levels were unaffected (Figure 4). IAP activity levels correlated with the cecal (r=0.82,

p<0.001) and the colonic (r=0.67, p<0.001) content of total IgA. IAP activities showed, however, no

correlations with total IgG or total IgM concentrations (Figure 5).

Serum Alkaline Phosphatases

Total-AP activities did not differ between the study groups during the investigation day. At fasting,

total-AP was positively correlated with the serum CRP concentrations both in controls (r=0.455;

p=0.006) and in patients with type 1 diabetes and normal AER (r=0.366; p=0.036). Diabetic subjects

with normal AER further displayed a significant correlation between total-AP activities and

triglyceride concentrations (r=0.399; p= 0.021). Liver-AP activity showed significant correlations

with CRP (control r=0.460, p=0.003; diabetic subjects with normal AER r=0.364, p=0.037) and

serum triglycerides (diabetic subjects with normal AER r=0.472, p=0.006).

Analysis of serum AP-isoforms with agarose gel electrophoresis revealed that bone, liver, and

macromolecular activities did not change during the investigation day, whereas the intestinal isoform

(sIAP) increased significantly during the postprandial phase (Supplementary Figure 2). Total-AP

and bone-AP activities were similar between the groups. In patients with normal AER, fasting liver-

AP activity correlated with serum triglycerides (r=0.472; p=0.006), BMI (r=0.541; p=0.001), and

body fat percentage (r=0.449; p=0.009). Diabetic subjects with macroalbuminuria had higher liver-

AP activity at fasting (36 [31-46] vs. 27 [16-35]; p=0.041 U/l) and in the postprandial state (AUC

330 [273-408] vs. 214 [150-301]; p=0.013) compared to the diabetic subjects with normal AER
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(Supplementary Figure 5). Fasting liver-AP also correlated also positively with body fat percentage

in the macroalbuminuric subjects (r=0.668; p=0.035).

Elevated postprandial activities of sIAP (AUC 87.7 [17.9-202.2] vs. 21.6 [8.1-85.2]; p=0.007)

(Supplementary Figure 2) and macromolecular AP (AUC 27 [16-33] vs. 16 [9-20]; p=<0.001) were

seen in the diabetic subjects with normal AER compared to the controls (Supplementary figure 5).

In controls, sIAP-AUC correlated negatively with postprandial endotoxemia (LPS-AUC r=-0.454;

p=0.005) and positively with HDL-metabolic parameters (HDL-cholesterol-AUC [r=0.404;

p=0.011]; apoA-I-AUC [r=0.422; p=0.007]; CETP-AUC [r=0.464; p=0.003]). There was no

significant correlation between fIAP and sIAP activities.

Serum IAP activity in relation to ABO blood groups and FUT2 secretory phenotypes

The frequencies of ABO blood groups or the FUT2 secretory phenotypes did not differ between the

subject groups (Table 1). Subjects with blood groups B and O had elevated postprandial serum IAP

activity compared to A and AB carriers. Irrespective of the FUT2 secretory phenotypes, the A/AB

carriers in the diabetic group had higher sIAP-AUC than controls (Supplementary figure 4).

Discussion

Fecal biomarkers were investigated in 41 non-diabetic controls and 46 patients with type 1 diabetes.

The study highlights the relevance of fecal IAP activity and other gut related inflammatory markers

among patients with type 1 diabetes. Decreased fecal IAP activity was accompanied by lower fecal

butyrate, secretory IgA, and fecal antibody concentration. Patients with uncomplicated type 1 diabetes

also exhibited higher fecal calprotectin concentrations compared to non-diabetic subjects. In addition,

we show for the first time that oral IAP supplementation augments cecal and colonic IgA levels in

mice (Figure 6).

IAP enzyme activity affects gut health and lipid metabolism by mechanisms including intestinal

tolerance to commensal bacteria, intestinal barrier integrity, and the regulation of fatty acid absorption

[4, 20]. High-fat fed IAP knock-out mice develop the metabolic syndrome, which was prevented by

oral  IAP supplementation  [4].  Oral  IAP supplementation  also  prevents  the  metabolic  syndrome in

high-fat diet fed wild type mice [9]. Exogenous bovine IAP administration has shown promising

therapeutic effects in heart surgery as well as in the treatment of sepsis and rheumatoid arthritis [4].
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Type  1  diabetes  and  IBD  are  multifactorial  autoimmune  diseases,  which  share  many  genetic  and

immunological aspects [21, 22]. Both chronic diseases are associated with an increased risk of

cardiovascular disease and premature mortality [23, 24]. Despite potential overlaps, few studies have

investigated the prevalence of IBD in adult patients with type 1 diabetes. In a recent study, the

prevalence of clinical IBD in patients with type 1 diabetes was approximately 6-fold higher compared

to non-diabetic controls (1.5% vs. 0.3%, respectively) [25]. In the present study, signs of low-grade

gastrointestinal inflammation were evident already in patients with uncomplicated type 1 diabetes,

who displayed decreased fecal IAP activity accompanied by elevated fecal calprotectin

concentrations. Based on fecal calprotectin, 40% of the patients with diabetic nephropathy exhibited

signs of severe gastrointestinal inflammation. In our previous study, patients with type 1 diabetes had

a blunted increase in circulating neutrophils in response to multiple high fat meals [12]. This could

indicate that diabetic subjects are unable to increase neutrophil production, or neutrophils are

eventually  homed to  inflamed peripheral  tissues.  Expression  and  secretion  of  IAP is  regulated  by

dietary components, gut bacteria, and host genetic factors. Butyrate, an anti-inflammatory microbial

metabolite, enhances IAP gene expression in the gastrointestinal tract [3]. Patients with type 1

diabetes had lower fecal butyrate compared to non-diabetic controls. In addition to reduced fecal IAP

activity, low concentrations of SCFAs and butyrate-producing gut bacteria are seen in patients with

IBD [26] and some studies suggest that butyrate supplementation could have beneficial effects on

inflammation in patients with IBD [27].

Patients  with  type  1  diabetes  presented  lower  concentrations  of  total  fecal  IgA  compared  to  non-

diabetic controls. Mucosal IgA production is induced by commensal intestinal bacteria [28], which

are suggested to contribute to the pathogenesis of autoimmune diseases including type 1 diabetes

[29]. Induction of mucosal IgA production takes mainly place in the gut-associated lymphoid tissue,

where gut specific TH17 cells regulate intestinal IgA production and secretion [30, 31]. Aberrant

regulation of TH17 cells are documented in multifactorial autoimmune diseases like type 1 diabetes

and IBD [32, 33]. Mice lacking Peyer’s patches lack intestinal IgA [34], suggesting this to be the

target site for decreased fecal IgA levels observed in the patients with type 1 diabetes in the present

study. Finally, the polymeric immunoglobulin receptor (pIgR) of intestinal lamina propria plasma

cells transports dimeric IgA through the epithelial cells for secretion. Autoimmune non-obese diabetic

(NOD) mice lacking the pIgR gene show decreased fecal IgA levels alongside an increased incidence

of diabetes [35].
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Oxidative stress is a key mediator of diabetic complications. Oxidative reactions on low-density

lipoproteins are complex that produce numerous oxidative products including malondialdehyde

acetaldehyde (MAA), 4-hydroxynonenal (4-HNE) and palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-

phosphocholine (POVPC) [36]. To date, little is known about secretory IgA related to oxidized neo-

epitopes. This study shows that fecal immunoglobulins to two models of oxLDL were lower in

patients with type 1 diabetes. Systemic increases in IgA to oxLDL are reported in coronary artery

disease as well as in type 2 diabetes, obesity and liver adiposity [37]. However, systemic and mucosal

IgA responses are separate, and several factors have to be considered.

The observed associations between fecal IAP and intestinal IgA levels suggest that IAP may have

significant impact on the antibody production and secretion in the gut. Earlier studies have shown

that AP activity levels were the highest after differentiation/maturation of purified rodent B-cells, and

these observed AP activities correlated with the antibody secretion capacity of activated B-cells [38-

40]. Notably, Marquez et al. demonstrated that AP expression was found to be increased before IgM

secretion commenced [39]. Various stress factors could have a negative impact on secretory IgA

(sIgA)  transport  into  the  intestinal  tract  [41].  In  chicken,  heat-stress  and  viral  infection  cause

concomitant down-regulation of intestinal sIgA and AP activity levels [42, 43]. Encouraged by these

findings, we wanted to test the effect of oral IAP supplementation on intestinal immunoglobulin

secretion in mice. The oral IAP supplementation for 11 weeks had a profound effect on the cecal (~9-

fold)  and  the  colonic  (~3-fold)  IgA  levels,  whereas  the  IgG  and  IgM  levels  were  unaffected.

Functional studies are obviously needed to elucidate the detailed mechanisms whereby IAP

participates in the regulation of the gut-specific IgA production and secretion.

Enterocytes release IAP basolaterally to the circulation or apically into the intestinal lumen [3, 4]. In

contrast to fecal samples, serum IAP activity was significantly higher in patients with type 1 diabetes

compared to healthy controls. Several mechanisms could explain this discrepancy: (a) increased gut

permeability may promote IAP translocation through the intestinal epithelia leading to decreased

availability of luminal IAP, (b) increased serum IAP concentration could be the result of ectopic gene

expression in peripheral tissues, or (c) luminal IAP activity could be down-regulated by specific

inhibitors.  High  serum  IAP  activity  was  associated  with  decreased  LPS-AUC  in  healthy  controls

supporting its role in LPS-detoxification [4]. Surprisingly, no such associations were seen in patients

with type 1 diabetes.
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High-fat meals promote the translocation of IAP to the circulation [4]. Serum IAP activity is tightly

interconnected with the ABO blood groups and the FUT2 secretor/non-secretor phenotypes [44].

FUT2 is involved in the synthesis of the H antigen – a precursor of the ABO blood group antigens.

Importantly,  only  subjects  with  a  functional  FUT2  gene  that  is  associated  with  the  secretory

phenotype can 1) express ABO blood group antigens on the surface of intestinal epithelia, and 2)

secrete ABO blood group antigens to body fluids [45]. After a meal, subjects with blood groups O or

B usually have the highest serum IAP levels, whereas subjects with blood group A have the lowest

[46, 47]. It has been shown that erythrocytes with the blood group A bind nearly all free IAP, whereas

cells with blood group O and B antigens have much lower affinity for IAP [48]. Subjects with the

FUT2 secretor phenotype also tend to have higher serum IAP activity levels after a meal compared

to non-secretors [46, 47]. In the present study, the distribution of ABO blood antigen groups or FUT2

secretor/non-secretor phenotypes did not differ between the groups of subjects. Since the ABO/FUT2

system cannot explain the elevated serum IAP activity in patients with type 1 diabetes, alternative

stimulatory or inhibitory mechanisms must exist.

Elevations in serum AP activity have been associated with liver diseases, cardiometabolic risk and

inflammation [49, 50]. As shown in earlier studies, serum AP activity correlated positively with CRP

and triglyceride concentrations [49]. Serum liver-AP was higher in patients with macroalbuminuria,

compared to those with normal AER. In both groups, liver-AP was associated with features of obesity,

but not insulin resistance. Increased liver-AP is frequently observed in inflammatory hepatic diseases

such as chronic hepatitis, liver cirrhosis, and carcinomas [51]. In patients with diabetic nephropathy,

elevated liver-AP could reflect an elevated inflammatory status [2, 51]. Variable serum AP isoform

patterns have been reported in malignancies and renal disease [50]. Patients with type 1 diabetes also

showed an elevation in macromolecular-AP - an atypical isoform with high affinity to lipoproteins,

cell membrane particles, and immunoglobulins. Due to their high-molecular weight, macro-APs have

a reduced kidney clearance rate. However, impaired kidney function does not explain the elevated

macro-AP concentrations in diabetic subjects with normal AER as the levels were similar in the

macroalbuminuric subjects.

In conclusion, patients with type 1 diabetes exhibited signs of intestinal inflammation that were linked

to unfavorable changes in fecal IAP, SCFAs, secretory-IgA, and calprotectin concentrations. A

reduction in luminal immunoglobulins to oxidized lipid adducts may confer risk of inflammation

driven conditions, such as atherosclerotic cardiovascular disease and/or diabetic nephropathy. We
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suggest that oral IAP or butyrate supplementation may suppress low-grade intestinal inflammation in

patients with diabetes.
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Table 1. Clinical and biochemical characteristics of study subjects at fasting. Patients with type 1
diabetes (T1D) and normal AER are compared to non-diabetic controls. Diabetic patients with
macroalbuminuria are compared to those with normal AER. PLTP – phospholipid transfer protein,
CETP – cholesteryl ester transfer protein, AST- aspartate transaminase, ALT- alanine transaminase,
eGFR – estimated glomerular filtration rate, AER – albumin excretion rate, AP - alkaline phosphatase.
Comparisons: T1D normal AER vs. non-diabetic controls, and T1D macroalbuminuria vs. T1D normal
AER, † p<0.05, * p≤ 0.01, ** p≤0.001

Non-diabetic
controls

T1D
normal AER

T1D
macroalbuminuria

Subjects (M/W) 20/21 14/22 7/3
Age (years) 37 ± 11 43 ± 10 † 48 ± 12
Diabetes duration (years) --- 26 ± 14 35 ± 12
BMI (kg/m2) 25.5 ± 4.9 26.0 ± 3.9 26.6 ± 5.1
Systolic blood pressure (mmHg) 129 ± 14 131 ± 12 158 ± 21 **
Diastolic blood pressure (mmHg) 78 ± 10 77 ± 8 78 ± 7
eGFR CKD-EPI (ml/min/1.73m2) 104 (95-116) 103 (91-115) 69 (42-101) **
AER (mg/24 h) 3.5 (3.0-5.8) 5.0 (3.3-10.5) * 978 (231-2812) **
Blood glucose (mmol/l) 4.9 ± 0.6 8.7 ± 3.4 ** 8.6 ± 2.5
HbA1c (%) 5.3 ± 0.3 8.0 ± 1.3 ** 8.3 ± 1.5
HbA1c (mmol/mol) 34±3.3 64±14.2** 67±16.4
Blood pressure medication (%) 12 36 † 90 *
Lipid medication (%) 2 28 * 70 †
Total cholesterol (mmol/l) 4.7 ± 0.8 4.6 ± 0.8 3.9 ± 0.6 †
Triglycerides (mmol/l) 0.98 ± 0.33 0.99 ± 0.54 1.20 ± 0.32 †
HDL-cholesterol (mmol/l) 1.38 ± 0.39 1.53 ± 0.34 1.29 ± 0.41
apoB-100 (mg/dl) 81 ± 20 80 ± 25 72 ± 19
apoA-I (mg/dl) 140 ± 24 149 ± 22 138 ± 23
apoB-48 (mg/dl) 4.2 ± 2.5 7.0 ± 5.4 * 12.7 ± 7.5 *
apoE (mg/dl) 30 (20-35) 23 (14-37) † 22 (16-33)
CETP (nmol/ml/h) 25.5 (22.0-29.6) 29.6 (25.4-34.0)* 40.2 (25.6-46.0)
PLTP (nmol/ml/h) 5392 (4605-6360) 6717 (5632-8087)** 7336 (6578-8835)
AST (U/l) 26 (22-30) 24 (20-29) 25 (23-33)
ALT (U/l) 15 (13-24) 18 (13-25) 22 (21-28)
Total-AP (U/l) 59 (47-71) 57 (45-67) 71 (55-92)
Liver-AP (U/l) 26 (19-34) 27 (15-36) 36 (31-47) †
Bone-AP (U/l) 26 (19-34) 24 (17-30) 26 (22-33)
Macromolecular-AP (U/l) 1.4 (0.5-2.0) 2.3 (1.5-3.4) ** 3.0 (1.4-8.9)
Intestinal-AP (U/l) 0.00 (0.00-1.7) 0-60 (0.00-7.00) † 1.75 (0.00-3.30)
High-sensitive CRP (mg/l) 1.2 (0.3-2.9) 1.2 (0.2-4.4) 0.7 (0.0-2.8)
LPS (EU/ml) 0.8 (0.6-1.3) 0.9 (0.6-1.3) 0.7 (0.6-0.8)
Fecal MPO (ng/ml/mg) 4.04 (2.37-9.18) 2.96 (0.65-6.37) 6.90 (1.61-21.5)
Blood group A (%) 51.3 27.8 60.0
Blood group AB (%) 5.1 8.6 10.0
Blood group B (%) 10.3 25.7 10.0
Blood group O (%) 33.3 37.1 20.0
Blood group B or O (%) 43.6 62.9 30.0
FUT2 secretory phenotype (%) 79.5 80.0 70.0
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FIGURE LEGENDS

Figure 1. Fecal alkaline phosphatase activity and calprotectin concentrations. (A) Fecal intestinal

alkaline phosphatase activity was significantly lower in patients with type 1 diabetes and normal

albumin excretion rate (AER) compared to non-diabetic controls. (B) Fecal calprotectin was elevated

in patients with type 1 diabetes and normal AER compared to non-diabetic controls. Non-diabetic

controls (n = 41), diabetic subjects with normal AER (n= 36), diabetic subjects with macroalbuminuria

(n= 10). The box plots represent 25%, 50% and 75%, and the whiskers 5% and 95% distribution of the

values. † p<0.05, * p<0.01

Figure 2. Fecal  short  chained  fatty  acids  (SCFA).  The  total  SCFA,  proprionate,  and  butyrate  were

lower in patients with type 1 diabetes and normal AER compared to non-diabetic controls. Non-

diabetic  controls  (n  =  41),  diabetic  subjects  with  normal  AER  (n=  36),  diabetic  subjects  with

macroalbuminuria (n= 10). The box plots represent 25%, 50% and 75%, and the whiskers 5% and 95%

distribution of the values. † p<0.05, * p<0.01

Figure 3. Fecal  total  immunoglobulins  and  anti-oxidative  LDL  antibodies.  Patients  with  type  1

diabetes and normal AER had lower levels of total IgA, MAA-IgA and CuOx-IgA/IgM antibodies

compared to non-diabetic controls. Diabetic subjects with macroalbuminuria displayed lower MAA-

IgM compared to those with normal AER. (RU- relative units; MAA - malondialdehyde acetaldehyde

modified LDL; CuOx - copper-oxidized LDL). Non-diabetic controls (n = 41), diabetic subjects with

normal AER (n= 36), diabetic subjects with macroalbuminuria (n= 10). The box plots represent 25%,

50% and 75%, and the whiskers 5% and 95% distribution of the values. † p<0.05, * p<0.01.

Figure 4. Intestinal IAP activity and immunoglobulin levels in mice after oral IAP supplementation.

C57BL/6 (n=28) mice were exposed to a high-fat diet and various doses of cIAP: no cIAP (n=4), low

cIAP dose 1.5-3.0 U/ml (n=8), medium cIAP dose 7.5-15 U/ml (n=8), high cIAP dose 30-60 U/ml

(n=8) for 11 weeks. IAP activity, total IgA, total IgG, and total IgM levels are shown for cecal and

colonic samples. Histogram data is presented as mean ± standard error of mean. Shown p-values are

obtained from the Jonckheere-Terpstra trend test. NS = non-significant.

Figure 5. Correlations between intestinal IAP activity and immunoglobulin levels in mice. C57BL/6

mice were exposed to a high-fat diet and various doses (0-60 U/ml) of cIAP for 11 weeks. Correlations

between IAP and total immunoglobulin levels are shown for 28 cecal and 28 colonic samples. NS =

non-significant.
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Figure 6. Mechanistic insights into the regulation of gut homeostasis by intestinal alkaline phosphatase

(IAP). Patients with type 1 diabetes exhibited signs of intestinal inflammation that were linked to

unfavorable changes in fecal IAP (¯), butyrate (¯), secretory-IgA (sIgA;¯), and calprotectin (↑) levels.
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Figure 2.
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Figure 4.
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Online Appendix

Supplementary Table 1. Dietary intake in the three study groups. Study subjects recorded their

dietary information over three days. Data are presented as mean ± standard deviation for normally

distributed variables, and median (interquartile range) for non-normally distributed variables.

Between-group comparisons (T1D normal AER vs. non-diabetic controls, and T1D macroalbuminuria

vs. T1D normal AER) are conducted with independent samples´ t-test, and Mann-Whitney U-test,

respectively († p<0.05). No significant differences were observed between T1D patients with normal

AER  and  macroalbuminuria.  kJ,  kilojoule;  kcal,  kilocalorie;  E%,  percentage  of  total  energy  intake;

SAFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.

Non-diabetic
controls

T1D
normal AER

T1D
macroalbuminuria

Energy, kJ 8776 (7590 – 10078) 8045 (6600 – 10025) 5538 (5299 – 10419)
Energy, kcal 2098 (1815 – 2409) 1923 (1578 – 2397) 1324 (1266 – 2490)

Carbohydrates, E% 43 ± 7 39 ± 7† 43 ± 6
Fats, E% 38 (33 – 42) 40 (36 – 46)† 36 (34 – 45)
SAFA, E% 13 ± 4 15 ± 3 13 ± 3
MUFA, E% 13 ± 2 14 ± 3† 13 ± 2
PUFA, E% 6 (5 – 8) 6 (5 – 8) 6 (5 – 7)

Proteins, E% 17 ± 3 17 ± 4 17 ± 4
Fibre, g 19 (15 – 29) 22 (13 – 26) 20 (13 – 28)

Insoluble fibre, g 14 (11 – 20) 15 (10 – 18) 14 (9 – 18)
Soluble fibre, g 5 ± 2 5 ± 2 5 ± 2
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Supplementary Table 2. Correlations between fecal sample measurements. Samples A and B were

taken approximately one week apart. fIAP- fecal intestinal alkaline phosphatase, SCFA – short chain

fatty acids, CuOx-LDL - copper oxidized LDL, MAA - malondialdehyde acetaldehyde LDL, MPO-

myeloid peroxidase.

A vs. B r p
fIAP 0.748 <0.001
Calprotectin 0.707 <0.001
SCFA 0.403 <0.001

Acetate 0.313 0.004
Proprionate 0.483 <0.001
Butyrate 0.499 <0.001
Isovalerate 0.293 0.008
Valerate 0.389 <0.001

total IgA 0.577 <0.001
MAA-IgA 0.797 <0.001
CuOx-IgA 0.755 <0.001

total IgG 0.478 <0.001
MAA-IgG 0.345 0.013
CuOx-IgG 0.552 <0.001

total IgM 0.444 <0.001
MAA-IgM 0.345 0.008
CuOx-IgM 0.691 <0.001

MPO 0.496 <0.001
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Supplementary Figure 1. Association between fecal IAP activity, total immunoglobulin levels

(panel A) and antibodies to oxLDL (panel B). RU- relative units; Malondialdehyde acetaldehyde

modified  LDL  -  MAA;  copper  oxidized  LDL  -  CuOx.  Non-diabetic  controls  (n  =  41),  diabetic

subjects with normal AER (n= 36), diabetic subjects with macroalbuminuria (n= 10). Associations

were determined using Spearman correlation coefficient.
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Supplementary Figure 2. The effect of three high-fat meals on serum intestinal alkaline phosphatase

activity  (IAP).  Patients  with  type  1  diabetes  and  normal  AER  had  elevated  serum  IAP  levels

compared to non-diabetic controls. Meals were given at 8:00, 12:00, and 16:00. Non-diabetic controls

(n = 41), diabetic subjects with normal AER (n= 36), diabetic subjects with macroalbuminuria (n=

10). Blood sampling time-points are indicated on the y-axis. The box plots represent 25%, 50% and

75%, and the whiskers 5% and 95% distribution of the values. † p<0.05, * p<0.01
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Supplementary Figure 3. Determination of serum alkaline phosphatase isoforms by agarose gel

electrophoresis. 1: Liver-AP+Bone-AP, 2: Liver-AP, 3: Macromolecular-AP, 4-6: intestinal-AP. N –

native sample, L- lectin treated sample. Meals were given at 8:00, 12:00, and 16:00. Sampling time

is indicated on top of the lanes. To identify and quantify AP isoenzymes the Hydragel 15 ISO-PAL®

kit and a semi-automated Hydrasys electrophoresis system (Sebia®, Lisses, France) were used

according to manufacturer’s instructions. Shortly, serum samples were run in alkaline buffered

agarose gels (pH 9.4) and the isoenzymes were subsequently stained using the chromogenic substrate

5-Bromo-4-Chloro-3-Indolyl Phosphate/Nitro Blue Tetrazolium in aminomethyl propanol buffer (pH

10.1). The bands of the isoenzymes were quantified densitometrically. Liver and bone isoforms were

separated from each other by lectin treatment.
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Supplementary Figure 4. Fecal (A) and serum (B) activities of intestinal alkaline phosphatase by

ABO blood group, FUT2 secretory (sec), and FUT2 non-secretory (non-sec) phenotypes. Patients

with type 1 diabetes having the blood groups A/AB had elevated serum IAP, irrespective of secretory

phenotype, compared to non-diabetic controls. Fecal IAP showed a trend towards lower levels in

patients with type 1 diabetes. The line indicates group median. † p<0.05, * p≤ 0.01.
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Supplementary Figure 5. Total-, liver-, bone-, and macromolecular alkaline phosphatase activities

in response to three high fat meals (8:00, 12:00, 16:00). Liver-AP activity was higher in patients with

type 1 diabetes and macroalbuminuria compared to those with normal AER; Macromolecular-AP was

higher in diabetic subjects with normal AER compared to non-diabetic controls. Blood sampling

time-points are indicated on the y-axis. Non-diabetic controls (n = 41), diabetic subjects with normal

AER (n= 36), diabetic subjects with macroalbuminuria (n= 10). The box plots represent 25%, 50%

and 75%, and the whiskers 5% and 95% distribution of the values. † p<0.05, * p≤ 0.01, ** p≤0.001.


