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Amylase trypsin inhibitors (ATIs) play an important role in wheat allergies and potentially in non-coeliac wheat sensitivity. Food processing could be important to mitigate the pathogenic properties of ATIs, e.g., by denaturation, glycation, enzymatic hydrolysis, cross-linking, and oxidation and reduction. These modifications also impact the solubility and extractability. The complex solubility behaviour of ATI isoforms (water and salt soluble, but also chloroform–methanol soluble, solubility depending on the redox state) becomes even more complex upon processing due to denaturation and (bio)chemical modifications. This significantly hinders the feasibility of quantitative extraction. Moreover, changes in biofunctionality may occur during the process of extraction, and the changes in ATI due to food processing will be more difficult to assess. Heat treatment decreases the extractability of ATIs with water, NaCl, and other buffer extracts, and binding of IgE from wheat-allergic persons to ATIs as observed with Western blotting is decreased or absent. IgE binding is reduced with the total extract in chaotropic and reducing agents. However, it can be increased when the proteins are hydrolyzed by proteases. Fermentation involving certain species of Fructolactobacilli (FLB), followed by baking, decreases the amount of ATIs and IgE binding to ATIs. In yeast-fermented bread, the amount of ATIs decreased in a similar manner, but IgE binding was more prominent, indicating that there was a modification of ATIs that affected the epitope recognition. When isolated ATIs are ingested with high ATI degrading FLB, the immune response in mice is less elevated in vivo, when compared with ATI without high ATI degrading FLB. The pathogenic effects on the skin of dogs and one wheat-allergic child are also decreased when soluble proteins or isolated ATIs are reduced with the thioredoxin/thioredoxin reductase NADPH system. Glycation on the other hand has been shown to potentiate the allergenic properties of ATIs as evidenced by the large increase in IgE binding. The impact of food processing on the pathogenic properties of ATIs is hardly studied in vivo in humans. There seem to be opportunities to mitigate the pathogenic properties in vitro, but potentiation of pathogenic properties is also frequently observed. This requires a deeper understanding on the impact of food processing on the pathogenicity of ATIs.
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1. Introduction

Wheat is the most important staple food consumed in the Western world (providing 20%–25% of the daily energy intake). It significantly contributes to our protein, vitamin, mineral, and fibre intake and is the most abundant source of plant protein (1). Wheat products, on the other hand, are a source of concern for some consumers. In addition to coeliac disease (CD) and wheat allergy, intolerances such as non-coeliac wheat sensitivity (NCWS) and irritable bowel syndrome (IBS) have also been related to wheat consumption. NCWS and IBS affect 5%–30% of the population, resulting in a lower quality of life, reduced productivity, increased healthcare costs, and overall economic burden. In the EU, the estimated yearly direct and indirect costs associated with NCWS and IBS range from €90 to €560 billion [calculated from (2)]. It also deprives these patients from their main staple food, reduces the intake of important nutrients, and forces them to consume more expensive alternatives. In many cases, gluten proteins (gliadins and glutenins) have been considered to be responsible for inducing the negative responses. However, recent in vitro studies have indicated that amylase trypsin inhibitors (ATIs) may have a significant role in the development of symptoms, not only in wheat-induced allergies and CD, but also in NCWS and IBS (3–5). An important route to mitigate their potentially pathogenic effects is by food processing (6). Understanding the role of ATI in cereal-based food processing and food digestion, and mitigation of the negative effects, is therefore of prime importance for cereal-based food safety, security, and sustainability. The impact of food processing on ATIs and their potential pathological effects will be reviewed. In addition to the opportunities, the limitations will be discussed, encompassing both the methodological and processing-related aspects.



2. Presence and content of ATI in wheat: extractability is key

ATIs are part of the albumin and globulin fraction of wheat. Unlike storage proteins, ATIs exhibit minimal variation in content across different wheat varieties and agronomic conditions, such as fertilization (7, 8). Several methods for isolating wheat proteins have been proposed to establish their content. A century ago, Osborne proposed a variety of extraction procedures, with the most frequently employed method yielding protein fractions extracted by the use of a saline solution, followed by a further water extraction to obtain globulins and albumins. Gliadins were extracted using 70% ethanol, while the remaining protein fractions were referred to as glutenins (9). The albumin/globulin fractions contain most of the ATIs. One of the primary challenges in extracting ATIs is the need to achieve a quantitative extraction and obtain fractions that are as pure as possible. More pure fractions as determined by SDS-PAGE, RP–HPLC, and LC–MS/MS could be obtained by other procedures, e.g., ammonium urea cetyltrimethyl bromide extraction followed by ammonium sulphate precipitation (10, 11), or by SDS/DTT extraction and separation by RP–HPLC (12, 13). The procedures using chaotropic and reducing agents extract most of the ATIs from flour (12, 13) and baked bread (13).

The diversity of the ATI isoforms (11, 14–17) is extensive, with a reported number of up to 90 isoforms (14), while only approximately 20 isoforms have been studied in detail and are classified according to their mono, di, or tetrameric state [(18) Table 1]. The isoforms have a substantial homology, and their identification and quantitation by LC–MS/MS should be regarded with caution. In various species of wheat, various identical ATI peptides have been found, but the ratios between those peptides vary depending on the species (19). This finding indicates that there are multiple isoforms, including those that are not yet documented in protein sequence databases, which share several peptides. Consequently, relying on a limited number of peptides to identify complete protein species should be regarded with caution. As not all isoforms are reported in the protein sequence databases and the annotation of peptides to the isoforms is quite complex, if not impossible, it makes also identification and quantitation of isoforms difficult.


TABLE 1 Classification of common ATI isoforms and selected properties.
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The isoforms not only vary in their amino acid sequence and secondary structure, but also in their tertiary and quaternary structure (mono-, di-, or tetramer) and posttranslational modification (phosphorylation, glycation). The isoforms are likely to vary in their enzyme inhibitory activity, allergenicity, extractability, and complexation behaviour.

ATI isoforms show anomalous extraction behaviour. Although water and saline extractable, some isoforms are soluble in chloroform–methanol mixtures (20), and ATIs can be found in relatively large quantities in the water-insoluble protein, known as gluten; in the 70% ethanol extracts of flour, the gliadin fraction; in the SDS extractable glutenin fraction; or the SDS unextractable protein, the glutenin macropolymer (12, 13). It was estimated (based on UV absorption measurement calibrated with Kjehldahl method) that the content could be as high as 1.5%–3.3% of Triticum aestivum flour (21, 22). Based on total solubilization, precipitation, and protein quantification using the Kjehldahl method, it could be calculated that the wheat kernel contains 0.6%–0.8% of ATIs (11). The LC–MS/MS quantifications (with peptide-targeted detection calibrated by isotope dilutions) have yielded estimations of much reduced quantities, approximately 0.4%–0.5% of wheat, spelt, durum, or emmer flour. Einkorn did not contain detectable amounts of ATIs (23).

Furthermore, the redox state of ATIs alters their extractability substantially, e.g., disulphide bond reduction of ATIs that are methanol extractable converts these ATIs to methanol unextractable (24). Therefore, it is likely that the extractability changes when the food matrix changes in redox potential, e.g., with the use of reducing or oxidizing agents either added as ingredients during processing or from microorganisms. It can also impact solubility and quantitation from 2D gel electrophoresis in which typically proteins are applied unreduced in one dimension and reduced in the other. Undesired extraction of ATIs and undesired differential extraction of the ATI isoforms from gels can occur, particularly after prolonged destaining using water or methanol washing as ATIs can be extractable in these media.

Denaturation of proteins results in an alteration of the three-dimensional structure and can be caused by heat, (bio)chemical reactions, high pressure, or high shear. Heat treatments that are typical during food processing can affect protein extractability in several ways:


	•Heat treatment can change the conformation and ultimately can denature protein, making them unextractable.

	•Cross-linking with other proteins can decrease extractability via disulphide bond formation or other oxidation reactions

	•Lysinoalanine and lanthionine formation (25).

	•Due to denaturation of proteins and gelatinization of starch, proteins can lose extractability due to physical entrapment. This was also demonstrated for ATIs (13).

	•During heat treatment, proteins can react with glucose or other carbohydrates (26) according to the Maillard reaction, and indeed the ATI isoform CM16 can become glycated (27). The impact on extractability of this modification is not clear.

	•Finally, during food processing, reducing and oxidizing agents are used to improve processing and transformation of foods. This can also alter the redox state of ATIs and thereby their extractability (24).



The reduced solubility of ATIs and hence the extractability from a processed food matrix will not only influence its quantitation. It also seriously hampers the assessment of the biofunctionality of ATIs, as many methods (enzyme inhibition, cell line studies, reactivity with antibodies) require a solubilized protein that is kept in its molecular state as it was in situ in the processed food. In many studies, only chaotropic and reducing agents could be used to solubilize proteins, and one can question the in situ biofunctionality of these proteins once extracted from the food. Thus, a large portion of ATIs can only be extracted from baked bread when SDS/DTT is used (13) or when the unextractable ATIs are extracted after sonication (13), which is able to excessively break peptide bonds (28).

A reduction in enzyme inhibition after processing, e.g., by a change in protein conformation, does not automatically lead to a loss of allergenicity or pathogenicity. On the contrary, hidden allergenic epitopes can become exposed upon partial hydrolysis or after disulphide bond reduction. Heat treatment of gliadins reduced the recognition by IgE, but subsequent pepsin hydrolysis partly recovered recognition (19). Similar studies with ATIs have not been encountered in the literature search. Glycation can lead to a major increase in allergenicity as shown by the increase in the binding of IgE from Baker's asthma patients upon glycation of CM16 (27).

Finally, a limited degree of enzymatic hydrolysis can reduce the quantity of intact proteins and generate fragments that cannot be detected with normal SDS-PAGE and Western blot; therefore, seemingly binding of IgE (from people with wheat allergies) is lost.

The issues mentioned in this section should be taken into account when reviewing the effect of food processing on ATI biofunctionality. It should also be realized that the impact of processing may vary substantially between the ATI isoforms. A limited number of publications were encountered that described the impact of processing on individual isoforms.



3. ATIs during food processing

Treatments to mitigate the negative effects of ATI have been studied in model systems:


	•reduction of disulphide bridges [a.o., by treatment with thioredoxin (29–31)].

	•proteolysis by pepsin [most other proteases are inhibited by ATI (21)].

	•chemical modification (32).

	•prolonged heating at high water activity (33–36), leaching of ATI during boiling (37, 38).

	•microbial fermentations (39, 40).



When isolated ATI was heated, it retained to a large extent its inhibition of amylase and trypsin. The inhibitory activities were also not lost with the reducing agent β-mercaptoethanol. The inhibitory activity was only lost when β-mercaptoethanol was applied at high temperatures (41). When mice were fed a combination of isolated ATIs and Fructolactobacilli (FLB) that have high capacity to degrade ATIs, there was a significant reduction of 55% in the inflammation marker tumour necrosis factor-α (TNF-α). In addition, the increase of interleukin 6 (IL6) was approximately 50% lower compared with mice that were fed isolated ATIs without FLB (40).

Enzymatic oxidation by horseradish peroxidase has been shown to be effective in eliminating the enzyme inhibitory activity of ATI, by oxidizing one methionine and two tryptophan residues (32, 42). Inhibitor proteins from several sources (wheat alpha amylase inhibitors, soybean Bowman–Birk trypsin and Kunitz inhibitors, and corn kernel trypsin inhibitor) undergo reduction by thioredoxin in combination with DTT or NADP–thioredoxin reductase (NTR). It was speculated that this could regulate the enzyme inhibitory activity (43). It has been shown that thioredoxin treatment in combination with DTT or NTR of wheat proteins can mitigate the allergic properties in skin prick tests with dogs (31). With gliadins, glutenins, and globulins, the mitigation was complete below dosages of 1–3 ng in a highly sensitive dog. With albumins, the mitigation varied between 46% and 69% below this range (31). One case has been described in humans, in which skin wheal (urticaria) reactions markedly decreased and in vitro binding of IgE from a child with baker's asthma to wheat was reduced after the NTR treatment of ATIs (29).

Not all of these treatments can be used in cereal food processing or do not provide adequate mitigation of the negative effects.

In Table 2, an overview is given regarding the impact of various processing methods on the quantity and functionality of ATIs. As the extractability of ATIs may vary depending on the processing method, a difference is made between total extract (typically with SDS and reducing agents) and partial extract. Particularly in the latter case, changes in extractability can affect functionality. The albumin and globulin fractions (water and NaCl extracts) are found to contain a large amount of ATIs, but may not be quantitative after food processing procedures. Water and salt extracts also contain other components that can affect the functionality. Still, this review includes studies of the albumin/globulin fractions that do not quantify the ATIs, because they utilize SDS-PAGE or 2D electrophoresis in which the impact on the monomeric ATIs in the 14 kDa region can be observed. The impact of food processing on ATIs in these studies will be reviewed in qualitative terms. In the succeeding sections, the effect of food processing (fermentation, fermentation and baking, heating, general treatments) is discussed.


TABLE 2 Impact of wheat processing on the quantity and functionality of ATIs in total and partial extracts.
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3.1. Effect of yeast and Fructolactobacilli fermentation on ATIs

In several publications, the impact of yeast or Fructolactobacilli fermentation has been studied. Only the impact of fermentation will be discussed in this section. The impact of fermentation and baking will be discussed in the succeeding section.

Sourdough fermentation is known to have proteolytic activity resulting in digestion of wheat proteins including ATIs (39, 46, 48, 51, 57). During the fermentation process, specific sourdough FLB were found to hydrolyze salt-soluble proteins including ATIs (e.g., Lactobacillus alimentarius 15M, Lactobacillus brevis 14G, Lactobacillus sanfranciscensis 7A, and Lactobacillus hilgardii 51B), while other FLB did not exhibit this hydrolytic activity (46, 48).

The overview from Table 2 shows that the total quantity of extracted ATI can increase (45), remain equal, or decrease (40), depending on the type of FLB, type of extraction, and type of measurement employed. For yeast fermentation, the quantity remains equal (45). Binding of IgE from patients with wheat allergies to the total ATI extract was almost completely absent after FLB fermentation with two selected strains (44). No difference was found in the total extracted ATI level in a direct comparison of yeast vs. FLB fermentation (50). When various studies are compared, it is evident that there is a lack of consistent findings regarding the quantity and IgE binding properties of ATIs in relation to FLB and yeast fermentation.

When ATIs were partially extracted with tris-HCL, NaCl, or chloroform–methanol, generally the amounts of ATI were substantially reduced by FLB fermentation (22, 45, 48, 49), although no decrease was observed with some FLB (48). For yeast fermentation, the amount of ATI in the partial extracts remained equal (45).

Won et al. (50) found no change in abundance of ammonium bicarbonate-extractable CM3 after FLB and yeast fermentation. Also, no difference with a straight yeast dough was observed. The absence of IgE binding from patients with wheat allergies was observed in the NaCl extract after FLB fermentation (47). This conflicts with the findings of Stefańska et al. (44), where binding still remained in the total extract. Amylase inhibition from dough, assayed in a NaCl extract, decreased by 22% and 29% with FLB fermentation (46), indicating that it was not completely lost.

In cell line studies, ATI extracts decreased the inflammation markers TNF-α and monocyte chemoattractant protein-1 release after FLB fermentation when compared with yeast fermentation (46). In the only in vivo animal study encountered, important markers for inflammation TNF-α and IL6 were studied in mice. When mice were fed with isolated ATIs in combination with high ATI degrading FLB, there was a 55% decrease in TNF-α release from splenocytes in serum and a 50% decrease in the increase of IL6 compared with feeding them with low ATI degrading FLB or without FLB (40).

Understanding the mechanisms of action of bacteria during sourdough fermentation could help develop food processing methods to mitigate ATI pathology. Especially the specific proteolysis of ATIs by specific species of FLB are of interest.



3.2. Effect of fermentation and heating during baking on ATIs

Heat treatment is one of the most common food processing methods. Next to potential conformational changes in proteins, Maillard reaction products (MRP) are readily formed. The Maillard reaction modulates the allergenicity of proteins in numerous ways by enhancing (increased uptake, delayed digestion, new epitopes) or reducing allergenicity (reduced uptake of larger polymers, modulating epitopes; 26).

After baking of FLB and yeast-fermented doughs, the amount of ATIs in the total extract is reduced (47, 50), and no differences were found between FLB and yeast fermentations after baking (50). Binding of IgE from patients with wheat allergies with ATIs was absent in FLB-fermented breads and reduced (47) or absent in the crust and the crumb in yeast-fermented breads (56). Surprisingly, the binding of IgE from patients with wheat allergies returned when yeast-fermented bread was hydrolyzed with pancreatin (56). Although aggregation of ATIs into protein carbohydrate complexes during baking cannot completely be ruled out, the authors conclude that heat treatment and subsequent proteolytic digestion eliminates the allergenicity of the ATIs (56). In a partial extract from FLB and yeast-fermented breads, the ATI quantities were equally reduced. In FLB-fermented breads, more monomers and more di/tetrameric ATIs were present (51), indicating that the process of fermentation and baking can impact the quaternary structure of ATIs. The CM3 extractability was equally reduced after baking of FLB and yeast-fermented doughs (50).

Sodium acetate-extracted proteins from various types of bread were analysed for their trypsin and chymotrypsin inhibitory (TI and CI, respectively) effects. Trypsin (TI)/chymotrypsin (CI) inhibition for wheat, rye, and mixed cereals was the highest for bread, followed by flour, and dough had the lowest inhibitory effect. Wholemeal showed no TI. TI of rye breads were the highest followed by wheat/mixed cereals. CI of wheat was larger than rye, followed by wholemeal and then mixed cereals (52). Heat treatment of bread dough seemed to decrease the free ATI level slightly in the crumb, but in the crust, ATI could not be detected anymore, probably due to heavy cross-linking of proteins and abundant Maillard reaction products. Pepsin followed by pancreatic in vitro digestion showed that the ATIs in yeast dough were not degraded to a large extent, but in the bread crumb, they quickly disappeared, although some ATI isoforms were resistant to degradation. This was confirmed with ATI polyclonal antibody immunoblotting (37).

During the baking process, most of the ATI enzymatic inhibitory activity is lost except for ATIs present in the decoration of bread, e.g., dusting flour (52). This is likely due to the low water activity in the dusting flour, which protects the proteins from denaturation. The loss in enzymatic inhibitory activity does not imply that the allergenicity of ATIs is lost as well, and there is evidence in other cereal processes, e.g., brewing, that allergenicity remains or is even potentiated. Similar inhibitors from barley (BASI) have been investigated in detail during the brewing process. There is quite extensive molecular information on the food processing of ATI and other pathogenesis-related proteins during beer brewing that is excellently reviewed (a.o., glycation, acylation, disulphide bond reduction, denaturation/conformational changes, etc.) (58).

In addition to proteolytic modification and denaturation, glycation of proteins may also occur during food processing. For barley processing into beer, it was speculated that the large difference in wort pH and pI of the protein may lead to its unfolding, making the lysine residues available for glycation (59, 60). Complete unfolding was only possible when all disulphide bonds were reduced (59). The glycation of the lipid transfer protein (LTP) is important for the final foaming properties of beer (60). Barley contains LTP and barley amylase subtilisin inhibitor (BASI), which are similar to ATIs from wheat. There is evidence that the glycated BASI is more allergenic than the non-glycated versions (27, 61, 62). Thus, the allergenicity of epitopes can be mitigated during heating, but epitopes can also become exposed, generated, or even potentiated during the food processing. Glycated CM16 isolated from Triticum durum flour has a strongly increased binding to IgE of serum from patients with baker's asthma substantially, when compared with non-glycated CM16 (27). It is not clear how the CM16 became glycated. Glycation of ATIs during food processing has not been investigated.

Publications on the effect of heating on enzyme inhibition are conflicting. Naji et al. (63) reported an increase in enzyme inhibition in white bread after baking. Others found a decrease during baking of bread and boiling of pasta (55, 64). The remaining activity was either absent (in sugar-rich baked goods or several white bread types 55) or decreased substantially to approximately 12.5% in the central part of the bread or to approximately 7% in the peripheral part (63). Gélinas et al. (55) found generally a lower inhibitory activity of bread crust than in the crumb, but in some bread, the reverse was found. Dusting flour was the main contributor to the inhibitory activity of the crust. They also demonstrated that the presence of sugar interfered with the inhibitory activity (55), and it is likely that, next to ATIs, sugar inhibited amylase via reaction product inhibition. As the authors did not state that they removed the sugar in the extract for the enzyme assay, this could explain why no inhibitory activity was found in sugar-rich products. In the crumb of wholemeal bread, the inhibitory activity was among the highest of commercial breads (55) or it was absent (64).

Gluten, which is a common ingredient derived from wheat and used to increase the baking quality of wheat, has even higher enzyme inhibitory activity than wheat flour, similar to the potent amylase-inhibitor medicine acarbose (55). Finally, it is likely that the mitigation of enzyme inhibitory activities of ATI during bread processing does not result automatically in mitigation of its allergic properties.



3.3. Effect of heat treatment during drying and boiling on ATIs

The type of process has also a major effect on the level of allergenic low molecular weight proteins such as ATI: barley malting (germination, kilning, no heat) decreased the water extractable LTP to 36% of its original content, whereas water extractable CM16 increased by 8%. After cous-cous preparation from T. durum (forming, cooking, drying), only 4%–26% of the ATIs were water extractable (65).

When pasta samples that were dried under mild or harsh conditions were subjected to in vitro digestion, the resulting digests from the albumin/globulin fraction exhibited comparable reactivity in competitive ELISA with IgE from sera of wheat-allergic patients. Drying at temperatures > 110°C seemed to increase the in vitro IgE binding (66). This could not be confirmed in another study with pastas dried at different temperatures. No IgE binding to the low molecular weight protein fraction could be observed in dried, cooked, and in vitro pepsin/pancreatin digested pasta (53). It can be speculated that in this study, the cooking procedure was different, resulting in cooking loss of ATI or that the degradation of the proteins was so fast that the peptides disappeared from the gel before immunoblotting. Drying of pasta for 4 min at 150°C did reduce the inhibitory activity to a level similar to that of flour (67).

ATIs from T. durum semolina were able to react with the serum from wheat allergy-specific IgE positive patients with gastrointestinal problems upon wheat ingestion, but not with the serum from wheat allergy-specific IgE negative patients with wheat-based gastrointestinal problems. Upon pasta processing (high shear and drying at elevated temperature) and subsequent cooking, no IgE binding could be observed anymore, indicating a loss of epitope recognition, as the ATIs were still detected by Coomassie staining in the raw and cooked pasta (38). Pepsin digestion was able to reduce the IgE binding of ATI with serum from wheat allergy-specific IgE positive patients (38). Unfortunately, the immunoblots did not show the full spectrum of the proteins and peptides, and there is no certainty that the degraded peptides were still recognized by the IgE, or that the peptides were retained on the immunoblot during overnight incubation with sera. A similar study was performed by Mamone et al. (54). It was concluded that ATIs (CM 2, 3, and 16) and a large portion of nsLTP appeared in the cooking water, as they could not detect ATIs in the salt extract from cooked pasta but only in the cooking water. The authors provide conflicting results as in the same publication, ATIs could be extracted from cooked pasta. However, upon in vitro digestion, the ATIs from the raw pasta survived digestion, but those from the cooked pasta did not. nsLTP were resistant to hydrolysis in the raw and in the uncooked pasta (54). Simonato et al. (38) showed that ATIs underwent modifications during processing, still being present in cooked pasta, but losing their IgE binding capacity. The discrepancy among the studies remains unexplained, except that it can be observed in the in vitro gastric or gastric and duodenal digestion (54). Furthermore, in the undigested pasta (t = 0), no other wheat proteins were present, indicating that pepsin probably remained active in the lithium dodecyl sulphate extraction medium (68) prior to the electrophoresis. The loss in IgE binding capacity can therefore be the result of ongoing proteolysis prior to the Western blotting.

In ELISA testing, binding of IgE from wheat-allergic patients to salt extracts from flour, bread, and pasta decreased when the product had been heated (pasta, bread) and even further when toasted (34). The ELISA inhibition assay with the salt extract from raw flour showed that the salt extracts from the processed food still showed large inhibitory effects (47%–89%), indicating that the epitopes were still intact (34). As the protein yields of the extracts were not reported, it is not clear whether these effects are due to a decrease in extractability or due to the loss of allergenic epitopes. Allergenic 20 kDa (globulin-like) and 32 kDa proteins were identified in untoasted white and wholemeal bread and in cooked fresh and in dried pasta (34). Next to this, some ATI reactivity (approximately 15 kDa) can be observed qualitatively in the Western blots from the extracts of French bread, pizza, and white and wholemeal tin bread; moderate activity was seen in the Western blots from extracts of biscuits; and strong ATI reactivity can be observed in unboiled white and wholemeal pasta and in fresh white pasta. This finding indicates that either heating pasta or toasting bread can lead to the elimination of allergenic epitopes or a decrease in the protein extractability.

In skin prick tests, the salt extractable proteins from flour and wholemeal tin bread gave an equally large allergic reaction with cereal allergic patients. For toasted bread and cooked pasta, the reaction was significantly less [wheal sizes of 79% and 64% less, respectively (34)].




4. Discussion and conclusions

The potential pathogenic effects of ATIs in NCWS and their allergenic properties in individuals with baker's allergies and wheat allergies have been well-documented. Therefore, the exploration of strategies to mitigate these negative biofunctionalities through food processing is of interest. To date, there is a lack of in vivo studies involving human subjects that have reported the utilization of ATIs that were modified by food processing. Early studies with modification of the albumin globulin fractions with thioredoxin/thioreductase NADPH showed that altering the redox status of this fraction can reduce the allergenic effects on the skin with dogs (31) and the skin wheal reaction of one child with baker's asthma (29). Isolated ATIs that were fed in combination with highly degrading FLB to mice showed a reduction in intestinal inflammation markers. The results of this review can be summarised in Figure 1. When applying FLB fermentation with various FLB, the impact on ATIs is not always clear. Only a few studies used the total extract of baked bread or boiled pasta. With FLB-fermented bread, but also yeast-fermented bread, binding of IgE from wheat-allergic patients to ATIs could be decreased or even absent. With FLB-fermented bread, this varied widely depending on the FLB used. It was observed that some ATIs were resistant to proteolysis after baking, since IgE binding to ATIs remained. Furthermore, heating dough could decrease the extractability of isoform 0.19 by 40%, but also substantial increases in extractability by 39% to more than 300% of 0.19, dimeric, CM3, and CM16 were observed (13). This indicates that isoforms can be differently affected by heating. Also, the dual impact on the 0.19 inhibitor is interesting, as it is possible that variations in the influence of food processing may occur within one isoform. This warrants further comprehensive investigations. In addition, it is crucial to explore the effects of other modifications, such as glycosylation, formation of Maillard intermediate products, and (partial) reduction on the pathogenicity of ATIs.


[image: Figure 1]
FIGURE 1
Overview of impact of processing on extractability and amount of ATI and binding to IgE from wheat-allergic patients, skin prick test, enzyme inhibition, or cell line studies. White box: amount of ATI extractable in salt buffer; Grey box: amount of ATI unextractable in salt buffer; remark in the box: biofunctionality of partial extract (white) or total extract (grey), no remark means no study encountered; biofunctionality: ↑ increase, ↓ decrease, = equal, 0 absent IgE: binding of IgE from wheat-allergic patients to ATI; SPT = skin prick test; TNF-α, MCP-1, IL6: inflammation markers released after cell line challenge with ATI isolate; ↔ larger or smaller amount depending on the study.


The studies of the impact of food processing on ATI pathology is hindered by the anomalous solubility behaviour of various ATI isoforms and the impact which processing itself has on the extractability. The use of chaotropic agents in combination with reducing agents are required to extract the maximum amount ATIs from processed food. A quantitative extraction from processed food is difficult to achieve. Such extraction will alter its conformation and secondary structure, which in turn may alter their pathogenic effects, bioactivity, and immunoreactivity. This also urges for further research. Finally, the available literature on in vitro pathogenic effects (IgE binding, cell line studies) is currently limited, and more studies are required to conclude on a broader spectrum of in vitro pathogenic effects of ATIs. Finally, in vivo studies—especially in humans—are required to establish the impact of processing on the pathogenic properties of ATIs.
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