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ARTICLE INFO ABSTRACT
Arl ﬁle-’ History: Objectives: We aimed to analyze the effect of a protein-deficient diet on mucosal and systemic immunity dur-
Received 22 August 2018 ing a Trichinella spiralis infection.
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Methods: Two groups of weaning Wistar rats received a protein-deficient diet (6.5% casein) and the other two
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groups received a control diet (20% casein). After 10 d, one group of each diet was infected (PD; and ;) with
muscle larvae (infecting stage). Food intake and body weight were assessed over time. Blood eosinophils
counts, antibodies in serum, and tissue extracts were assessed at different days postinfection. Histologic
studies were done in the lungs and intestines, and adult worm (AW) fecundity index score and muscle para-
site burden were determined.

Results: Food and protein intake were lower in PD; than in C;, Body weight was lower in PD; than in a non-
infected protein-deficient diet. Eosinophils counts were lower in PD; than in C;. Total and specific antibodies
were lower in PD; than C; PD; had a reduced number of mast and goblet cells in the lungs and intestines com-
pared with C; The persistence of AW in the intestines and migrant larvae at the lungs was longer in PD; than
in C;. The AW fecundity index score was higher in PD; than in C;. Finally, PD; evidenced a higher muscular
parasite burden than C;.

Conclusions: Protein deficiency affects the mucosal and systemic immune response to Trichinella spiralis and
delays the expulsion and increases the fecundity index score of AW, which leads to a higher parasite burden
in the muscles.
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Introduction molt into adult worms (AW). After mating, female AW release

migrant or newborn larvae (NBL) on days five to six postinfection

The immune system is known to be affected by malnutrition,
which causes a higher susceptibility to infections [1]. Malnutrition
and gastrointestinal nematode infections are chronic diseases that
often coexist in individuals from developing countries [2]. Trichi-
nellosis is a foodborne parasitic disease acquired by the ingestion
of either raw or undercooked meat that is infected with Trichinella
spiralis (T. spiralis) muscle larvae (ML). In the stomach, ML are
released and penetrate the epithelial layer of the gut where they
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(p.i.), which go through the bloodstream and lymphatic system
and pass through different organs, including the lungs, during their
migration to the skeletal muscle [3]. Each larva enters a muscle cell
where they develop into ML [4].

The effector immunological response against T. spiralis is
focused on two parasitic stages. At the gut level, AW are expelled
by the combined action of cellular (mast and goblet cells) and
humoral responses [5—7], and at the systemic level, NBL are killed
by antibody dependent cellular cytotoxicity (ADCC) [8—-10]. Recent
results from our laboratory have demonstrated an allergic-like
inflammatory response in the lung parenchyma with bronchus-
associated lymphoid tissue (BALT) hyperplasia before and during
NBL passage through this organ [11-12]. In particular, there is an
increase of mast cells, eosinophils, and goblet cells. Moreover, the
retention and destruction of NBL by ADCC were shown to take
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place in the lungs of infected rats [13]. These responses are globally
described as type-2 immune responses and include both innate
and adaptive components. Among the latter, the induction of a T
helper 2 (Th2) phenotype with the production of interleukin (IL) 4,
IL-5, and IL-13 cytokines is of the utmost importance to induce and
sustain type-2 responses. Helminth infections induce a Th2
immune response, but protein deficiency promotes higher levels of
Th1 cytokines and diminishes Th2 effector cells [14].

Several studies have explored the impact of protein deficiency
on the outcome of helminth infections, but to our best knowledge,
only two previous studies have evaluated these issues in T. spiralis
infections [15—16]. Although both studies revealed a link between
protein deficiency and delayed worm expulsion or increased num-
bers of muscle larvae, the immunologic determinants of this
impaired infection control were not assessed.

In the present study, we evaluated the parasitologic, histologic,
and immunologic consequences of protein deficiency in the context
of a T. spiralis infection in weaning rats. This study is the first to
assess the impact of protein deficiency, not only on intestinal but
also on pulmonary Trichinella-specific immune response, which was
recently shown to be involved in the control of T. spiralis infection.

Materials and methods
Animals and infection

Weaning female Wistar rats (21-23 d old) weighing an average of 42.21 +
1.92 g (initial body weight [BW;]) were housed individually in screen-bottomed
cages and exposed to a 12-h light-dark cycle. Room temperature was kept at 21.0
+ 1.0°C, and animals were provided with water and food ad libitum. The rats were
divided into four groups of five animals each. Two groups received a protein-defi-
cient diet (PD), and the others a control diet (C) for growing rats.

After 10 d, one group of rats on each diet was orally infected through a feeding
probe with 900 ML of T. spiralis per rat (PD;; C;) suspended in saline solution. ML
were obtained from muscle tissue of infected Swiss mice through the artificial
digestion method [17]. The other groups were used as non-infected control groups
(PDni, Ci)-

All experimental protocols were approved by the Institutional Committee of
Care and Use of Laboratory Animals (CICUAL-FFyB, Res N° 2470/17).

Experimental diets

The PD and C groups received experimental isocaloric diets that provided 6.5%
or 20% protein, respectively, and all essential nutrients as recommended by the
American Institute of Nutrition [18]. Casein (Friesl and Campina, 89.2%) was incor-
porated as the only source of protein to provide the required protein concentra-
tion. Choline, soy oil, and a vitamin and mineral mix were added, and the mixture
was filled up to 1000 g by adding dextrin, as previously reported [19].

Nutritional parameters
Body weight (g) and food intake (g/day) were recorded from the first day of
the diet administration. At the end of the experimental period, the diets were

withheld for 4 h, the final body weight (BWy) was determined, and the ponderal
growth rate (PGR, expressed as g per 100 g of rat/d) was calculated as follows:

PGR=[(BW; — BW;)/n days]/[(BW; + BW;)/2] x 100 1)
Daily protein and energy intake were measured and expressed as mg/BW%7>/d
and kcal/BW®7>/d, respectively, where BW®7" is the metabolic mass.
Blood samples
Blood samples were obtained from all groups at different p.i. times by tail vein
puncture, using heparin as anticoagulant when necessary (eosinophil counts). At
day 33 p.i., blood was obtained by cardiac puncture. Serum samples were ali-
quoted, and kept at —70°C until use.

Blood eosinophils counts

Blood eosinophil counts were determined by counting cells in a Fusch-Rosen-
thal hemocytometer after staining whole blood with Discombe's solution [20].

Detection of total serum immunoglobulins and IgE against muscle larvae
excretory—secretory products by ELISA

Serum immunoglobulins (Ig) G, A, and M (IgGAM) and serum IgE specific for
Trichinella were detected by indirect enzyme-linked immunosorbent assay (ELISA),
as described previously [12]. Plates coated with muscle larvae excretory—secretory
products (ML-ESP) were incubated with serum samples and, after washing, were
incubated with either a biotinylated anti-rat [gGAM serum (Vector Laboratories,
Burlingame, CA, USA) followed by a complex of avidin and biotinylated peroxidase
(Vector), or a goat anti-rat € chain serum (Bethyl Laboratories, Montgomery, TX,
USA), followed by a horseradish peroxidase-conjugated rabbit anti-goat serum
(Bethyl). Color reaction was developed with o-phenylenediamine/H,0, for IgGAM
or with tetramethylbenzidine for IgE. The reaction was stopped by adding 4 N
H,S04, and the optical density was read in an ELISA reader at 490 nm for IgGAM
and 450 nm for IgE.

Histological studies in the lungs and intestines

Rats were euthanized by cardiac puncture under anesthesia to obtain the lungs
and intestines. Tissues were perfused by injecting phosphate-buffered saline (PBS)
with heparin (10 IU/mL) into the right cardiac ventricle. The organs were removed,
and tissue sections were obtained using the Sainte-Marie technique [21]. Tissue
sections were stained with Giemsa (general aspects of the tissues), Alcian Blue Saf-
ranin (mast cells), and hematoxylin-periodic acid-Schiff (goblet cells).

Goblet cells were counted in 15 villous crypt units (VCU) in the intestine epi-
thelium. In the lungs, goblet cells were counted in the epithelium located close to
the BALT. Mast cells were counted in 15 VCU in the gut lamina propria. In the
lungs, parenchyma mast cells were counted in 100 randomly selected fields for
each sample, employing a grid with a known area (62 500 wm?). All counts were
made at 400 x magnification by two independent observers.

Tissue extracts preparation

Lung and intestine tissue extracts were obtained using the PERFEXT method
[22] with slight modifications. Briefly, the rats were euthanized and infused with
PBS plus heparin (5000 Ul/mL) into the heart. The perfused organs were cut into
small pieces, placed in an extraction solution containing CHAPS 90 mM in PBS and
protease inhibitors, and frozen at —70°C. After thawing, extraction was performed
overnight at 4°C using a homogenizer. After centrifugation, the supernatants were
collected, filtered through a 0.22 wm filter, aliquoted, and kept frozen at —70°C
until use.

Detection of total and specific antibodies in lung and intestine tissue extracts

Total IgA, IgE, IgG1, and IgG2a were determined with a capture ELISA commer-
cial kit (Bethyl Laboratories). Levels of anti-ML-ESP and anti-AW-ESP IgA, IgE, IgG1,
and IgG2a were determined by indirect ELISA, as described previously [12,23].

Fecundity index of female adult worms

To estimate the fecundity index score of female AW, the method
described by Marti and Murrell (1986) was employed [24] with slight modifi-
cations. After the recovery of the AW from the intestines by Baermann sepa-
ration, the female AW were identified and counted. Worms were incubated at
37°C in 5% CO, in Roswell Park Memorial Institute medium supplemented
with antibiotic agents and 5% fetal calf serum. After 3 h, the number of NBL
shed by the female worms was counted, and the fecundity index score was
calculated as the number of NBL per female AW.

Determination of parasite burden

ML recovered from the carcasses of infected rats through the artificial diges-
tion method [17] at day 33 p.i. were washed, suitably diluted in saline, and mixed
1:1 with agar 1.5%. The mixtures were placed in grooved Petri dishes and allowed
to solidify. The ML were counted by two independent observers using an optical
microscope.

Statistical analysis

Parasite burden was analyzed using the unpaired t test. PGR, food, energy, and
protein intake were analyzed using the one-way analysis of variance (ANOVA)
test, employing Tukey's multiple comparisons test for post hoc analysis. Body
weight, cell count, total and specific isotypes, and fecundity index scores were ana-
lyzed using the two-way ANOVA test, employing Tukey's or Sidak's multiple com-
parisons test for post hoc analysis. The data were analyzed using GraphPad Prism
6 software, and a P < 0.05 was considered significant.
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Fig. 1. Body weight during feeding period. Body weight values were registered dur-
ing all experiments, and the results are expressed as the mean of the body weight/
rat (g) + standard error of mean. The animal groups (n = 5/group) were the controls
(C) and those fed the protein-deficient diet (PD), which were infected with Trichi-
nella spiralis (C; and PD,, respectively) or non-infected (Cy; and PDyy, respectively).
The arrow indicates the beginning of the infection. Data were analyzed by two-way
analysis of variance test (o =0.05) followed by Tukey's multiple comparisons test.
The asterisk indicates significant differences between PD; and PDy; (*P < 0.05), and
letters significant differences between the control and protein-deficient diet groups
(3P < 0.05; °P < 0.01; °P < 0.005; 9P < 0.0001).

Results
Nutritional parameters

Body weight was significantly lower in PD; than in C; animals
before the infection (48.02 + 2.32 versus 76.68 + 2.04 g at day nine
of the diet; P < 0.01; Fig. 1; Table 1). This pattern was observed
during all experiments, with the highest difference at the end of
the experimental period (day 43 of the diet: 55.67 + 1.87 versus
174.80 4+ 4.47 g; P < 0.0001; Fig. 1). In addition, a significant differ-
ence was observed between PD; and PDy; rats at the end of the
study (55.67 & 1.87 versus 73.64 + 2.62 g; P < 0.05; Fig. 1).

PGR was significantly lower in PD; than in C rats (1.53 + 0.73
versus 6.69 + 0.57 g/100 g of rat/d; P < 0.0001; Table 1) during the

Table 1

Nutritional parameters evaluated before and during infection with Trichinella spiralis

feeding period before infection. In addition, the same pattern was
observed during the total period (0.63 & 0.35 versus 2.87 &+ 0.40 g/
100 g of rat/d; P < 0.05). During the infection, PD; rats showed a
lower PGR compared with PDy; rats (0.30 &+ 0.46 versus 1.22 +
0.48 g/100 g of rat/d; P < 0.01; Table 1). However, no significant
differences in PGR were observed between the C groups through-
out the period.

Food intake during the entire study was significantly lower in
PD; than in C; rats (8.83 + 1.68 versus 14.25 + 1.94 g/d; P < 0.05;
Table 1). Regardless of the infection status, PD groups had lower
protein intake than the C groups (PD;: 31.26 + 3.28 versus C;: 84.46
+ 4.30 mg/BW°73/d; P < 0.005; Table 1). Finally, there were no dif-
ferences in energy intake among the groups.

Blood eosinophils count

Compared with their non-infected counterparts, eosinophil
counts started to increase at day five p.i. in PD; animals (91.67 &
2.08 versus 24.71 + 3.41 cellsjmm?; P=0.0001; Fig. 2), but this
occurred at day three p.i. in C; animals (83.33 £ 5.51 versus 20.51
+ 2.17 cells/mm?>; P=0.0003).

On day 11 p.i, both infected groups reached the maximum
number of eosinophil counts without significant differences
between the groups. However, the counts were significantly lower
in PD; than in G animals on days 3, 5, 15, and 20 p.i. The largest dif-
ference was found on day five p.i. (91.67 £ 2.08 versus 162.50 +
16.54 cells/mm?; P < 0.0001). At the end of the experiment, eosino-
phil counts in PD; animals returned to baseline levels earlier than
those in C; animals.

Determination of IgGAM and IgE against ML-ESP in sera

Optical density values of specific IgGAM and IgE were similar
and followed the same kinetics in PD; and C; animals. For both
groups, the values were positive (above cutoff) from day 11 p.i. and
reached the maximum value at day 33 p.i. (Fig. 3).

Feeding period (d) Group PGR (g/100g rat/d) BW (g) Food intake (g/d) Energy intake Protein intake

(Kcal/BW0.75/d) (mg/BWO0.75/d)
BW; BW;

Before infection (0-9) PD, 1.53 + 0.73* 41.76 + 1.87 48.02 +2.32! 6.57 + 0.64" 239+0.19 33.91 + 1.95'
PDy 1.26 £ 0.94* 43,05 +2.31 4798 +1.51! 6.30 + 0.88! 2.36 + 0.26 28.73 + 2.101"
G 6.69 £ 0.57" 41.18 + 1.56 76.68 + 2.047 9.48 +1.15 2.61+0.30 108.80 + 3.54F
G 6.04 + 0.95 42.84 +1.97 75.02 +2.977 9.58 +0.77° 2.62 +0.20 110.77 + 3.427
During infection (10-43) PD, 0.30 + 0.46 48.02 +2.32/ 55.67 + 1.87! 933 +1.70! 2.00 +0.93 31.23 + 3.687
PDy; 1.22 +0.48° 47.98 + 151! 73.64 + 2,627 8.75 +0.91! 1.63 £ 0.40 25.36 + 1597
G 221+0.52¢ 76.68 + 2.047 174.80 + 4.47" 15.89 + 2.179 1.70 + 0.66 62.45 + 4.00"
Cni 2.25 + 0.65° 75.02 + 2971 174.40 +5.03" 14.77 +1.07Y 1.61+0.20 76.96 +1.39"
Total (0-43) PD; 0.63 +0.35! 41.76 + 1.87 55.67 + 1.87! 8.83 + 1.68! 1.95 + 0.82 31.26 + 3.2811
PDy; 1.22 + 0617 43.05 +2.31 73.64 + 2,627 8.12 +0.87! 1.56 + 0.40 25.06 + 1.59'
G 2.87 + 0.401 41.18 + 1.56 174.80 + 4.47" 14.25 +1.947 1.71 £ 0.61 84.46 + 430"
Cni 2.81 +0.307 42.84 +1.97 174.40 +5.03" 13.45 +0.92/1 1.63 £ 0.25 80.28 + 1.78

BW, body weight; BWy, final body weight; BW;, initial body weight; C;, control infected; Cy;, control non-infected; PD;, protein-deficient infected; PDy;, protein-deficient

non-infected; PGR, ponderal growth rate.

PGR; BW; and food, energy, and protein intake were evaluated during the experimental period of 43 days in rats fed a 20% casein diet (control) or a 6.5% casein diet (protein-

deficient diet).

Data are expressed as mean =+ standard error of mean (n = 5/group). For PGR and food, energy, and protein intake, a one-way analysis of variance test was performed. For BW,
a two-way analysis of variance test was performed. In all cases, a P < 0.05 was considered significant, and Tukey's multiple comparisons test for second analysis was used.
Comparisons among the four experimental groups were performed for each parameters and each feeding period.

*versus 'P < 0.001
iversus *P < 0.01
lversus P < 0.05
Yversus P < 0.001
ftversus #P < 0.005
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Fig. 2. Blood eosinophil counts during Trichinella spiralis infection. Eosinophil cells
were counted in blood samples stained with Discombe's solution. The results are
expressed as the mean cells/mm> =+ standard error of mean. The animal groups
(n=3/group) controls (C) and those fed the protein-deficient diet (PD) were
infected with Trichinella spiralis (C; and PDy, respectively) or non-infected (Cy; and
PDyy, respectively). The data were analyzed by two-way analysis of variance test fol-
lowed by Tukey's or Sidak's multiple comparisons test (o = 0.05). Asterisks indicate
significant differences between C; and PD, (*P < 0.05; **P < 0.01; ~*P < 0.0001). Let-
ters indicate significant differences between C; or PD; with their non-infected con-
trols (°P < 0.05; °P < 0.0001, °P < 0.01).

Histological analysis of the intestines and lungs

The gut villi of rats fed the protein-deficient diet (PD;, PDy;)
showed a decrease in size (Figs. 4C and G), and during the infection
period, the PD; and C; groups showed an inflammatory process at
the intestine (Figs. 4E and G) and the BALT (Figs. 4F and H).

The intestinal and pulmonary numbers of goblet cells increased
later in PD; than in C; animals. Compared with the non-infected
control group, the number of intestinal goblet cells increased from
day six p.. in C (21.81 + 1.70 versus 11.20 + 0.92 cells/VCU;
P < 0.005; Fig. 5A) and from day nine p.i. in PD; (18.80 + 1.53
versus 9.77 + 1.26 cells/VCU; P < 0.01). Compared with the non-
infected controls, the number of goblet cells in the lung paren-
chyma increased from day three p.i. in C; (7.68 + 0.76 versus 1.00
+ 1.00 cells/100 lung cells; P < 0.005; Fig. 5B) and from day nine
p.. in PD; (9.00 + 1.00 versus 0.33 + 0.76 cells/100 lung cells;
P < 0.001).

The number of mast cells in the lungs and intestines also
increased with a delay in PD; compared with C. The number of

>

3

IgGAM (OD)

NI 5 11 15 20 25 33

Days post infection

intestinal mast cells increased from day six p.i. in C; (35.63 + 2.84
versus 5.6 £+ 1.46 cells/VCU; P < 0.001; Fig. 5C) and from day nine
p.i. in PD; (26.47 4+ 2.73 versus 4.07 + 0.90 cells/VCU; P < 0.01). In
the lungs, the number of mast cells increased from day three p.i. in
G (12.25 + 1.28 versus 5.41 + 1.16 cells/mm?; P < 0.01; Fig. 5D)
and from day nine p.i. in PD; (11.19 + 1.41 versus 4.08 + 1.31 cells/
mm?; P < 0.01).

Although AW are usually expelled from the gut at day 13 to
15 p.i. in the rat model, they were found in the intestine of PD,
rats as long as day 33 p.i. (Figs. 4G and I). Also, at day 33 p.i.,
NBL were found in lungs of PD; rats (Fig. 4]), but not in those
of the C; controls.

Detection of total and specific isotypes in lung and intestine tissue
extracts

In intestine tissue extracts, total IgE levels were lower in PD;
than in C; (day nine p.i. 31.22 4+ 5.08 versus 183.05 4+ 11.19 ng/mL;
P < 0.01; Fig. 6). Total IgA decreased in C; as of day three p.i. but
maintained its level in PD; during the entire follow-up period. Total
IgG1 increased over time in both C; and PD,. Regarding anti-ML-
ESP antibodies, IgE, IgG1, and IgG2a were increased in the C; group
as of day nine p.i.,, but the PD; group showed a non-significant
increase. In the case of specific antibodies against AW-ESP, all iso-
types were present in the C; group, but in PDy, only IgG2a had a sig-
nificant increase.

In lung tissue extracts (Fig. 7), all isotypes of total antibodies
were reduced in PD; compared with C; (IgE: day nine p.i. 76.58 +
6.07 versus 217.83 + 12.55 ng/mL; P < 0.05; IgA: day nine p.i.
384.02 + 9.55 versus 909.14 + 17.99 pg/mL; P < 0.05; IgG1: day
13 p.i. 3226.45 + 30. 95 versus 5679.25 + 61.55 ng/mL; IgG2a: day
three p.i. 766.05 + 15.83 versus 2271.60 + 24.52 ng/mL; P < 0.01).
Specific IgA and IgG1 were present in both groups as of day 13 p.i.

Fecundity index scores of female adult worms

In all p.i. days studied, the parasite fecundity index score was
higher in PD; than in G (Fig. 8), but this difference was significant
as of day nine p.i. (30.58 + 3.39 versus 14.32 £ 2.95, NBL/female
AW; P < 0.05). At day 20 p.i., a time point at which normally AW
have been completely expelled in well-nourished rats, not only
were AW still present in the PD; group, but still releasing NBL
(14.05 4+ 2.30 versus 0 + 0, NBL/female AW; P < 0.05).

B 1.0q
0.8

0.69

IgE (OD)

0.44

0.24

0.0-

NI 5 11 15 20 25 33

Days post infection

Fig. 3. Kinetics of total immunoglobulins (Ig) G, A, and M (IgGAM) and IgE anti-muscle larvae excretory—secretory products in sera samples by enzyme-linked immunosor-
bent assay during Trichinella spiralis infection. IgGAM and IgE were detected by enzyme-linked immunosorbent assay, and the results are expressed as mean optical density
values =+ standard error of mean (n = 3/group; cuoff: IgE =0.176; IgGAM = 0.573). The animal groups were C and PD infected with T. spiralis (C; and PD,, respectively) or non-

infected (Cy; and PDy;, respectively). The dotted line indicates the cutoff.
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Fig. 4. Histopathology of the gut and lungs during late Trichinella spiralis infection. At day 33 p.i., histologic sections of the gut (A, C, E, G, I) and lungs (B, D, F, H, J) were
stained with Giemsa. The animal groups were the controls (A, B, E, F) and those fed the protein-deficient diet (C, D, G, H, 1, ]). Animals were infected with Trichinella spiralis
(E,F, G, H,1,]), and non-infected animals were used as controls (A, B, C, D). The arrows show the presence of adult worms (G, I) and newborn larvae (J).

Parasite burden 1048.53 4+ 206.85 ML/g; P < 0.01; Fig. 9). Physical deterioration

was observed in PD; rats, which was the only group that recorded

At 33 days p.i., the parasite burden in the muscles was 10 times two deaths (on days 25 and 32 p.i.). In the case of C;, no physical
higher in PD; than in C; animals (10 069.99 + 3077.16 versus deterioration was observed.
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Fig. 5. Kinetics of the appearance of goblet and mast cells in the small intestine and lungs during Trichinella spiralis infection. In the gut, the results are expressed as mean
cells/villous crypt units + standard error of the mean (A, C). In the lungs, the results are expressed as mean cells/100 lung cells & standard error of mean for goblet cells and
mean cells/mm? of the lungs + S.E.M for the mast cells (B, D). The animal groups (n = 3/group) were the controls (C) and those fed the protein-deficient diet (PD), which were
then infected with Trichinella spiralis (C; and PD, respectively) or non-infected (Cy; and PDyy, respectively). Data were analyzed by two-way analysis of variance test, followed
by Sidak's multiple comparisons test (o = 0.05). The asterisks indicate significant differences between PD; and C; (*P < 0.05; P < 0.01; P < 0.005; “"P < 0.001), and letters
indicate significant differences between PD, or C; with their non-infected controls (°P < 0.05; °P < 0.01; °P < 0.005; 9P < 0.001).

Discussion

Although previous studies have analyzed the consequences of
PD on the course of T. spiralis infection (in terms of worm expulsion
or larval load in muscles) [15—-16], the effects of PD on cellular and
humoral immune factors involved in the control of such infections
have not been assessed. In this study we analyzed the parasitologic,
histologic, and immunologic consequences of PD at both the gut
and lung levels in T. spiralis-infected rats.

The administration of the PD diet provoked a severe delay in
the growth of the animals, which was observed from the first
days of treatment before the infection. However, the lower
body weight and PGR of the PD; compared with the PDy; group
at the end of the study confirmed the negative effect of the
combination of malnutrition and infection. As in our previous
studies, no deaths were recorded among uninfected rats that
were fed the protein-deficient diet [19]; however, the addition
of T. spiralis infection (PD; group) provoked a higher morbidity
and led to death in two cases. No deaths were reported by Gba-
kima [16] in protein-deficient mice infected with T. spiralis, but
the low protein diet was begun later than in the present study
(2 wk after weaning).

Previous studies have shown that a low protein concentra-
tion and a low quality of dietary protein impair mucosal immu-
nity [25]. In the present study, the PD; group not only showed
a decrease in gut villi size and a lower number of mast and
goblet cells during the first month p.i., but also AW were found
at day 33 p., when in the rat model they are normally
expelled on days 13 to 14 p.i. [26], which indicates that the
parasite rejection is delayed in these animals. Our results are in

line those of previous studies on T. spiralis and other helminth
infections in adult mice with protein malnutrition [16,27-29].

Regarding the humoral response in the gut mucosa, the PD,
group showed lower levels of total and specific antibodies, which
is probably due to a decreased protein synthesis as a consequence
of the lower protein intake. This phenomenon has been also
observed in malnourished mice with schistosomiasis [30]. Alto-
gether, these results indicate a diminished mucosal immune
response in PD; animals at both the cellular and humoral levels,
which would facilitate the persistence of the AW in the gut.

Specific IgE and IgA in the intestinal mucosa are known to
reduce the fecundity of the AW; thus, limiting the production of
NBL and the subsequent invasion of the skeletal muscle [31]. In
this work, the levels of specific IgA and IgE were lower in the PD;
group, which could reduce the detrimental effect of these antibod-
ies on AW fecundity and allow for a higher number of NBL to birth
and reach the systemic circulation. The higher fecundity index
score in the PD; group is in line with the results of specific antibod-
ies. In addition, in the PD; group, NBL production was prolonged
until at least day 20 p.i., but this phenomenon normally finishes on
day 13 to 14 p.i. in well-nourished animals [26]. To the best of our
knowledge, this is the first study to evaluate the fecundity index
score of PD animals with T. spiralis.

NBL migrates through the lymph and blood system of the host
and is the second target of the immune response. In the murine
model, there is a systemic response that is characterized by eosino-
philia and an increase of specific Ig levels [32]. In this work, PD; ani-
mals had decreased eosinophil counts, but serum levels of
anti—ML-ESP IgGAM and IgE were not affected. These results sug-
gest that at a systemic level, the cellular immune response may be
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analyzed by two-way analysis of variance test followed by Tukey's or Sidak's multiple comparisons test (a = 0.05). The asterisks indicate significant differences between PD
and C (*P < 0.05, "P < 0.01, ""P < 0.005, ""'P < 0.001), and letters significant differences between PD, or C; with their non-infected controls (°P < 0.05; °P < 0.01; °P < 0.005;

dp < 0.0001).

more affected than the humoral response. In contrast with what
we found in our study, Boulay et al. [33] reported that during Heli-
gmosomoides polygyrus infections, blood eosinophilia and serum
levels of Igs were decreased in PD animals.

We have previously shown that during NBL migration, an aller-
gic-like inflammatory response occurs in the lung parenchyma that
includes mucosal mastocytosis and goblet cells hyperplasia [12—13].
This pulmonary response generates a suitable scenario for the attack
of NBL by immunological effectors. The present study is the first to
assess the effect of PD on parasitologic, histologic, and immunologic
parameters in the lungs of T. spiralis-infected animals. The PD, group
had reduced mast and goblet cell counts in the lungs, which suggests
that the pulmonary mucosal cellular response is affected by protein
deficiency. However, the local humoral response did not seem to be
affected because the levels of specific antibodies in lung extracts did

not differ between the C; and PD; groups. Nevertheless, NBL were
observed as long as 33 days p.i. in the lungs of the PD; group, which
is the first time that this long persistence is reported. This suggests
that the lung cellular immune response has a key role in the control
of NBL migration.

Overall, these results suggest that the higher parasite burden
found in the PD; group may be associated with the longer persis-
tence of AW in the intestines and higher fecundity index scores of
female AW, which are consequences of the lower humoral and cel-
lular immune response. The reduced number of blood eosinophils
in the PD; group may also compromise the systemic immunological
effector mechanisms against NBL and contribute to the higher par-
asite burden in the muscles. Further studies will be required to
determine whether the ADCC mechanism against NBL is affected
by protein deficiency.
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counted. AW were incubated for 3 h, and the number of newborn larvae (NBL) shed
by female AW were counted using an inverted microscope. The fecundity index
score was calculated as the number of NBL/female AW = standard error of mean.
The animal groups (n=4/group) were rat controls (C) and those fed the protein-
deficient diet (PD), which were infected with Trichinella spiralis (C; and PDj, respec-
tively). The data were expressed as mean number of NBL/female AW =+ standard
error of mean, and analyzed by two-way analysis of variance, followed by Sidak's
multiple comparisons test (a=0.05; n=4/group). An asterisk indicates significant
differences between the PD; and C; groups (*P < 0.05).
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Fig. 9. Parasite burden of animals at day 33 postinfection. The parasite burden of the
animals was determined by artificial digestion, and the results are expressed as the
mean of the muscle larvae/g rat + standard error of mean. The animal groups (n=5/
group) were rat controls (C) and those fed the protein-deficient diet (PD), which were
infected with Trichinella spiralis. The data were analyzed using the unpaired t test
(a0 =0.05), and the asterisk indicates significant differences (*P < 0.01).

Conclusions

Protein deficiency diminishes the intestinal, pulmonary, and
systemic immune responses to T. spiralis, which delays the expul-
sion and increases the fecundity index scores of AW. These altera-
tions are associated with a higher parasite burden in the muscles.

Acknowledgments

The authors acknowledge the skillful assistance of Ms. Cecilia
Mambrin in the care, breeding, and diet preparation of the animals.

References

[1] Chandra RK. Nutrition, immunity and infection: Present knowledge and future
directions. Lancet 1983;1:688-91.

[2] Koski KG, Scott ME. Gastrointestinal nematodes, nutrition and immunity:
Breaking the negative spiral. Annu Rev Nutr 2001;21:297-321.

[3] Despommier DD, Gwadz RW, Hotez PJ, Knirsch CA. The nematodes. In:
Despommier DD, Gwadz RW, Hotez PJ, Knirsch CA, eds. Parasitic diseases,
New York: Apple Trees Productions; 2005:105-74.

[4] Wu Z, Sofronic-Milosavljevic L, Nagano I, Takahashi Y. Trichinella spiralis:
Nurse cell formation with emphasis on analogy to muscle cell repair. Parasites
Vectors 2008;1:27.

[5] Negrao-Correa D, Adams LS, Bell RG. Variability of the intestinal immunoglob-
ulin E response of rats to infection with Trichinella spiralis, Heligmosomoides
polygyrus or Nippostrongylus brasiliensis. Parasite Immunol 1999;21:287-97.

[6] Ahmad A, Wang CH, Bell RG. A role for IgE in intestinal immunity. Expression
of rapid expulsion of Trichinella spiralis in rats transfused with IgE and thoracic
duct lymphocytes. ] Immunol 1991;146:3563-70.

[7] Suzuki T, Sasaki T, Takagi H, Sato K, Ueda K. The effectors responsible for gas-
trointestinal nematode parasites, Trichinella spiralis, expulsion in rats. Parasitol
Res 2008;103:1289-95.

[8] Gansmuller A, Anteunis A, Venturiello SM, Bruschi F, Binaghi RA. Antibody-
dependent in vitro cytotoxicity of newborn Trichinella spiralis larvae: Nature of
the cells involved. Parasite Immunol 1987;9:281-92.

[9] Wang CH, Bell RG. Antibody-mediated in vivo cytotoxicity to Trichinella spiralis
newborn larvae in immune rats. Parasite Immunol 1988;10:293-308.

[10] Venturiello SM, Giambartolomei GH, Costantino SN. Immune killing of new-
born Trichinella spiralis larvae by human leukocytes. Parasite Immunol
1993;15:559-64.

[11] Venturiello SM, Verzoletti ML, Costantino SN, Forastiero MA, Roux ME. Early
pulmonary response in rats infected with Trichinella spiralis. Parasitology
2007;134:281-8.

[12] Gentilini MV, Nunez GG, Roux ME, Venturiello SM. Trichinella spiralis infection
rapidly induces lung inflammatory response. The lung as the site of helmin-
thocytotoxic activity. Immunobiol 2011;216:1154-63.

[13] Falduto GH, Vila CC, Saracino MP, Calcagno MA, Venturiello SM. Trichinella spi-
ralis: killing of newborn larvae by lung cells. Parasitol Res 2015;114:679-85.
https://doi.org/10.1007/s00436-014-4233-x.

[14] Ing R, Su Z, Scott ME, Koski KG. Suppressed T helper 2 immunity and pro-
longed survival of a nematode parasite in protein-malnourished mice. Proc
Natl Acad Sci U S A 2000;13:7078-83.

[15] Saowakontha S. The relationship between protein-calorie malnutrition and
trichinosis. II. Inmunological response in rats fed low and high protein diets.
Southeast Asian ] Trop Med Public Health 1975;6:79-81.

[16] Gbakima AA. The effect of dietary protein on Trichinella spiralis infection and
inflammatory reactions in the tongue in CD1 mice. Nutr Res 1993;13:787-800.

[17] Nockler K, Kapel CMO. Detection and surveillance for Trichinella: Meat inspection
and hygiene, and legislation. In: Dupouy-Camet J, Murrell KD, eds. FAO/WHO/OIE
Guidelines for the surveillance, management, prevention and control of trichi-
nellosis, Paris: World Organisation for Animal Health; 2007:69-98.

[18] American Institute of Nutrition. AIN-93 purified diets for laboratory rodents.
Final report of American Institute of Nutrition ad hoc writing committee on
the reformulation on the AIN-76A rodent diet. ] Nutr 1993;123:1939-51.

[19] Pallaro A, Roux ME, Slobodianik NH. Nutrition disorders and immunologic
parameters: Study of the thymus in growing rats. Nutrition 2001;17:724-8.

[20] Discombe G. Criteria of eosinophilia. Lancet 1964;1:195-7.

[21] Sainte-Marie G. A paraffin embedding technique for studies employing immu-
nofluorescence. ] Histochem Cytochem 1961;10:250-6.

[22] Villavedra M, Carol H, Hjulstrom M, Holmgren ], Czerkinsky C. “PERFEXT": A
direct method for quantitative assessment of cytokine production in vivo at
the local level. Res Immunol 1997;148:257-66.

[23] Nunez GG, Costantino SN, Venturiello SM. Immunoparasitological parameters
of the intestinal phase of trichinellosis in rats. Parasitology 2003;126:321-5.

[24] Marti HP, Murrell KD. Trichinella spiralis: Antifecundity and antinewborn lar-
vae immunity in swine. Exp Parasitol 1986;62:370-5.

[25] Vidueiros SM, Fernandez I, Slobodianik N, Roux ME, Pallaro A. Nutrition disor-
der and immunologic parameters: Study of the intestinal villi in growing rats.
Nutrition 2008;24:575-81.

[26] Stewart GL, Na H, Smart L, Seelig LL. The temporal relationship among anti-
parasite immune elements expressed during the early phase of infection of
the rat with Trichinella spiralis. Parasitol Res 1999;85:672-7.

[27] Bolin TD, Davis AE, Cummins AG, Duncombe VM, Kelly ]D. Effect of iron and
protein deficiency on the expulsion of Nippostrongylus brasiliensis from the
small intestine of the rat. Gut Mar 1977;18:182-6.

[28] Duncombe VM, Bolin TD, Davis A, Kelly JD. The effect of iron and protein defi-
ciency on the development of acquired resistance to reinfection with Nippos-
trongylus brasiliensis in rats. Am ] Clin Nutr 1979;32:553-8.

[29] Michael E, Bundy DA. The effect of the protein content of CBA/Ca mouse diet
on the population dynamics of Trichuris muris (Nematoda) in primary infec-
tion. Parasitology 1991;103:403-11.

[30] Coutinho EM. Malnutrition and hepatic fibrosis in murine schistosomiasis.
Mem Inst Oswaldo Cruz 2004;99:85-92.

[31] DeVos T, Danell G, Dick TA. Trichinella spiralis: Dose dependence and
kinetics of the mucosal immune response in mice. Exp Parasitol 1992;75:
99-111.

[32] Del Prete G, Chiumiento L, Amedei A, Piazza M, D'Elios MM, Codolo G,
et al. Immunosuppression of Th2 responses in Trichinella spiralis infection
by Helicobacter pylori neutrophil-activating protein. ] Allergy Clin Immu-
nol 2008;122:908-13. e5.

[33] Boulay M, Scott ME, Conly SL, Stevenson MM, Koski KG. Dietary protein and
zinc restrictions independently modify a Heligmosomoides polygyrus (Nema-
toda) infection in mice. Parasitology 1998;116:449-62.


http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0001
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0001
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0002
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0003
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0004
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0005
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0006
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0007
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0008
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0008
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0008
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0009
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0010
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0011
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0012
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0012
https://doi.org/10.1007/s00436-014-4233-x
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0014
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0015
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0016
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0017
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0018
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0019
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0019
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0020
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0021
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0021
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0022
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0022
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0022
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0022
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0023
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0025
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0026
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0027
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0027
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0027
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0028
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0029
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0029
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0029
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0030
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0031
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0031
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0031
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0032
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0033
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0033
http://refhub.elsevier.com/S0899-9007(18)30895-5/sbref0033

	Protein malnutrition impairs the immune control of Trichinella spiralis infection
	Introduction
	Materials and methods
	Animals and infection
	Experimental diets
	Nutritional parameters
	Blood samples
	Blood eosinophils counts
	Detection of total serum immunoglobulins and IgE against muscle larvae excretory-secretory products by ELISA
	Histological studies in the lungs and intestines
	Tissue extracts preparation
	Detection of total and specific antibodies in lung and intestine tissue extracts
	Fecundity index of female adult worms
	Determination of parasite burden
	Statistical analysis

	Results
	Nutritional parameters
	Blood eosinophils count
	Determination of IgGAM and IgE against ML-ESP in sera
	Histological analysis of the intestines and lungs
	Detection of total and specific isotypes in lung and intestine tissue extracts
	Fecundity index scores of female adult worms
	Parasite burden

	Discussion
	Conclusions
	Acknowledgments
	References


