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Introduction

Protease inhibitors (PI) remain important components of 
highly active antiretroviral therapy (HAART) in the treatment 
of human immunodeficiency virus (HIV) infection. However, 
approximately 60% of patients receiving HAART suffer from 
diarrhea and other gastrointestinal side effects that can compro-
mise adherence to treatment and lead to treatment discontinua-
tion.1,2 HAART associated diarrhea also reduces the absorption 
of oral antiretrovirals exposing patients to subtherapeutic serum 
levels of these medications and increasing the risk of drug resis-
tance. Protease inhibitors alter cell survival by inducing apopto-
sis, necrosis3-5 and blocking DNA synthesis6 which may explain 
some of the mechanisms involved in intestinal damage. Indeed, 
we have demonstrated that the PIs induce weight loss, decrease 
intestinal villi height, and increase intestinal epithelial cell 
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crypt depth, villus length, villus area, mitotic index and apoptosis in Swiss mice.

Results: In vitro, AQ supplementation enhanced IEC-6 cell migration and proliferation, following challenge with NFV. 
In vivo, AQ increased intestinal villus length, villus area, crypt depth and cell proliferation and cell migration, following 
treatment with NFV. AQ did not decrease cell death induced by NFV both in vivo and in vitro.

Methods: Migration was evaluated at 12 and 24 h after injury using a wound healing assay. Cellular proliferation was 
measured indirectly at 24 and 48 h using tetrazolium salt WST-1. Apoptosis and necrosis were measured by flow cytom-
etry using the Annexin V assay. Intestinal morphometry and mitotic index in vivo were assessed following a 7-day treat-
ment with 100 mg/kg of NFV, given orally. In vivo proliferation and apoptosis were evaluated by intestinal crypt mitotic 
index and immunohistochemistry, respectively.
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nal tract.
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apoptosis in mice and reduce cell proliferation and increase apop-
tosis in rat intestinal epithelial cells in vitro.7

Recently, several studies have suggested that HIV PI’s could 
be repositioned as cancer therapeutics. Nelfinavir may have the 
most potent and broad antitumor activity of the HIV PI’s8-10 and 
has been suggested to have antitumor activity in many human 
cancer cell lines by inducing ER stress, autophagy, unfolded pro-
tein response and both caspase-dependent and independent cell 
death.10 There are currently, 20 clinical trials, listed by the National 
Institutes of Health, using nelfinavir as a single-agent or in combi-
nation with chemotherapy and radiation for cancer, most of which 
were not associated with HIV infection (http://clinicaltrials.gov/
ct2/results?term=nelfinavir+cancer). Better understanding of the 
mechanisms underlying the intestinal epithelial damage and diar-
rhea induced by nelfinavir can potentially lead to novel treatment 
or preventive strategies with important clinical impact.
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The effect of AQ on cell migration was also examined. AQ 
supplementation caused a significant increase in cell migration 
in a dose-dependent manner. The most significant increase on 
cell migration was observed with AQ 10mM at both 12 and 24 h 
(increases of 24.2% and 30.2%, respectively, compared with 
control; p < 0.05), therefore, this dose was chosen to carry out 
the supplementation experiment following 1 h of NFV expo-
sure. Supplementation with 10 mM of AQ, after pretreatment 
for 1 h with NFV, significantly improved cell migration by 49.9 
and 56.6%, respectively, at 12 and 24 h (p < 0.001, by Student’s 
unpaired t-test) (Fig. 1). 

Effect of NFV and AQ on IEC-6 cell proliferation. NFV 
pretreatment for 1 h caused a significant reduction on cell pro-
liferation at 24 and 48 h compared with the control group as 
seen in Figure 2A (reduction of 7 and 19.3%, respectively, 
compared with control, p < 0.05, by Student’s unpaired t test). 
Supplementation with 10 mM of AQ significantly improved cell 
proliferation in NFV-pretreated wells at 24 and 48 h (increase of 
27.1 and 63% vs control, p < 0.05, by Student’s unpaired t-test). 
The effect of AQ alone on cell proliferation was also investigated 
with 1, 5, 10 and 50 mM of AQ. Cell proliferation increased 
in a dose dependent fashion following supplementation with AQ 
(Fig. 2B). The strongest proliferation increase was observed with 
10 mM of AQ at both 24 h and 48 h (increase of 61 and 88.8% 
compared with control group; p < 0.05).

Effect of NFV and AQ on cell apoptosis and necrosis. NFV 
pretreatment for 1 h at a dose of 70 μg/mL did not cause a signifi-
cant change on rates of cell apoptosis after 24 h (control: 1.23% vs 
NFV: 1.14%) or on cell necrosis (control: 5.42% vs. NFV: 5.94%). 
However, NFV pretreatment for 24 h at a dose of 70 μg/mL 
caused a significant increase in the rates of apoptosis (Control: 
2.51% vs. NFV: 25.9%; p = 0.001) and necrosis (control: 4.61% 
vs. NFV: 24.42%; p < 0.0001) (Fig. 3). Supplementation with 
AQ at 10 mM, during the incubation period with NFV, did not 
cause a significant change at 24h on the rates of apoptosis (NFV: 
25.9% vs. NFV plus AQ:30.63% p = 0.21) and necrosis (NFV: 
24.42% vs. NFV + AQ: 24.26%; p = 0.86).

Effect of NFV and AQ on mouse body weight curves. As 
shown in Figure 4A, NFV induced a significant reduction of 
body weight at days 4, 5, 6 and 7 (p < 0.001). Supplementation 
with 100 mM of AQ prevented weight loss throughout the exper-
iment (p < 0.001).

Effect of NFV and AQ on intestinal morphometry and his-
topathology. As shown in Figure 4B and C, NFV significantly 
reduced jejunum villus height, surface area and crypt depth by 
31.3% (p < 0.05), 21.4% (p < 0.05) and 26.8% (p < 0.05), respec-
tively. AQ supplementation increased jejunal villus height, villus 
area and crypt depth by 33.9, 50.8 and 34.4%, respectively.

Effect of NFV and AQ on intestinal tissue mitotic index. As 
shown in Figure 5A, seven-day course treatment with 100 mg/kg 
of NFV significantly reduced jejunum mitotic index by 37.4% 
when compared with control (p < 0.05). AQ supplementation 
increased mitotic index by 41.4% (p < 0.05).

Effect of NFV and AQ on intestinal cell death. As seen in 
Figure 5B, 7-day course treatment with NFV at 100 mg/kg sig-
nificantly increased the number of TUNEL-positive cells in the 

Glutamine, like epidermal growth factor (EGF) and insulin-
like growth factor (IGF)-1, stimulates crypt cell proliferation and 
has an additional mitogenic effect on cultured intestinal IEC-6 
rat crypt cells.11 Glutamine has been reported to have the abil-
ity to ‘spark’ proliferation, as a result of activation of extracel-
lular signal-related kinases (ERK) 1 and 2 and phosphorylation 
of nuclear transcription factors, such as Elk-1 and c-Jun. Thus, 
glutamine may be a unique nutrient for enterocytes, capable of 
dual signaling and augmenting the effects of growth factors that 
regulate cellular proliferation and repair.12-14 The importance of 
glutamine as an essential precursor for nucleotide biosynthe-
sis explains its critical requirement by proliferating cells such 
as those in the intestinal epithelium.15 This may be especially 
important during diarrheal diseases and malnutrition when the 
mucosal barrier function is often disrupted and under stressful 
conditions, when glutamine uptake by the body is enhanced.16 
However, glutamine has limited solubility and a tendency to 
hydrolyze to potentially toxic glutamate. Alanyl-glutamine (AQ) 
is more stable, soluble and well tolerated and has been shown to 
be at least as effective as glutamine in intestinal injury repair in 
vitro, in vivo and in patients.17-24 Our group has demonstrated 
that AQ or glutamine supplementation given to patients on 
HAART, decreased diarrhea rates and increased antiretroviral 
serum concentration, indirectly indicating improvement of the 
intestinal epithelial function.21 Similarly, a clinical trial demon-
strated that AQ supplementation ameliorated clinical symptoms 
of gastrointestinal toxicity in patients on chemotherapy.25

Although the protective effects of alanyl-glutamine in HIV 
positive patients taking anti-retroviral agents was previously 
reported,21 the mechanisms of how nelfinavir induces diarrhea 
and how alanyl-glutamine protects against this nelfinavir effect 
remains largely unknown. The aim of this study was to evaluate 
the potential benefits of AQ supplementation on NFV-induced 
intestinal epithelial damage, by examining its effects on cell 
migration, proliferation, necrosis, apoptosis and gut absorptive 
area, using both in vitro and in vivo models.

Results

Individual effects of NFV and AQ on IEC-6 cell migration. 
Pretreatment with NFV for 1 h caused reduction of cell migra-
tion at 12 and 24 h in a dose-dependent manner. The most 
significant reduction of cell migration was seen with NFV at 
100 μg/mL at 12 h (46.7% reduction vs. control; p < 0.05) 
and with 70 μg/mL at 24 h (63.3% reduction vs. control; p < 
0.05). NFV at 70 μg/mL was the lowest dose that caused sig-
nificant reduction (p < 0.05) at both 12 and 24 h (40.7 and 
63.3%, respectively, vs control), therefore, this dose was chosen 
to evaluate the effects of AQ supplementation. Of note, NFV at 
70 μg/mL is 10 times higher than the drug’s serum concentra-
tion but lower than the estimated intestinal lumen concentration 
(750 μg/mL) in vivo, taking into account the recommended oral 
dose and an intestinal volume of 1L.28,29 The tissue concentra-
tion is unknown but may be significantly higher in the intestinal 
epithelium, since after an oral uptake of the drug a concentra-
tion gradient is likely formed.3



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te

1484	 Cancer Biology & Therapy	 Volume 13 Issue 14

that NFV and indinavir decreased 
cell proliferation.7 Additionally, both 
PIs and reverse transcriptase inhibi-
tors altered intestinal tissue morphol-
ogy and induced sodium secretion. 
Interestingly, only NFV increased 
intestinal permeability as measured 
by mannitol and lactulose excretion 
in mice. Furthermore, NFV caused 
significant weight loss as early as 
day five of treatment. In this cur-
rent study, we confirmed that NFV 
causes reduction of body weight asso-
ciated with notable histopathologic 
changes. We postulate that weight 
loss may be explained by decreased 
in either nutrient absorption or food 
ingestion. Indeed, although we did 
not observe diarrhea in the mice, 
jejunal villus lengths and area were 
decreased with NFV-treatment. 
Interestingly, another study evalu-
ating the effect of NFV treatment 
in rabbits, found that the drug at 
1,000  mg/kg/day caused significant 
weight loss and decreased food con-
sumption during the first 3 days of 
study with no report of diarrhea.30

The intestinal epithelium has a 
very dynamic cell population with a 
high turnover rate of approximately 
3 days. Enterocytes proliferate in the 
crypt and migrate toward the villi 
where they may undergo apoptosis. 
The balance between proliferation, 
migration and apoptosis is crucial for 
the intestinal homeostasis.31 Danaher 
et al. demonstrated that HIV-PI 
caused a significant reduction in cell 
viability in normal human kerati-
nocytes NHOK and immortalized 

keratinocyte cell lines through blockage of DNA synthesis and 
not through cell death, as had been demonstrated in other tumor 
cell-lines.10,32 In this study we have found that NFV decreased 
cell proliferation in IEC-6 cells, an undifferentiated intestinal 
non-tumor cell line derived from rats, corroborating the hypoth-
esis that PIs are able to decrease cell proliferation in non-tumor 
cell lines as well. In vivo, we demonstrated that NFV reduced 
jejunal villus height, villus area, crypt depth and crypt mitotic 
index. These alterations in villus and crypt morphometry in the 
presence of NFV may be explained by the drug-induced inhibi-
tion of cell proliferation (corroborated by decreased mitotic index 
in jejunal crypts) and migration observed in vitro.

HIV protease inhibitors have been suggested to have antitu-
mor effects. In HT-29/B6 intestinal cells, PIs induced massive 
cell apoptosis, with no significant changes in necrosis rates or 

jejunum segments by 125% when compared with control (p < 
0.05). Supplementation with 100 mM of AQ did not cause a sig-
nificant reduction in the number of TUNEL-positive cells.

Discussion

This study demonstrates the beneficial effects of AQ supplemen-
tation on NFV-induced impairment of intestinal cell migration, 
proliferation and intestinal barrier but no effect on cell death 
both in vitro and in vivo. AQ prevented weight loss associated 
with NFV treatment in mice, indicating that the beneficial 
effects on cell proliferation and migration, outweighed its inabil-
ity to prevent apoptosis and necrosis.

In a recent study evaluating the effects of PIs and reverse tran-
scriptase inhibitors in the intestinal epithelium, we demonstrated 

Figure 1. (A) Protective effect of 10 mM alanyl-glutamine (NFV+AQ) supplementation on IEC-6 cell mi-
gration following 1 h incubation with 70 μg/mL of nelfinavir (NFV) at 12 and 24 h. After reaching conflu-
ency, IEC-6 monolayers were scratched, wells were incubated with 70 μg/mL of NFV for 1 h and washed 
with media without glutamine, followed by incubation with 10 mM of AQ. The bars represent means 
± SE for the number of migrating cells per square millimeter of scraped area. *p < 0.05, compared with 
control group with media without glutamine, by Student’s unpaired t test. #p < 0.05, compared with 
group with NFV, by Student’s unpaired t-test. (B) Representative images of migration of IEC-6 cells at 
24 h from the control group, NFV group, and AQ supplemented group, following NFV exposure for 1 h. 
Diagram shows scraping area with grid (each square = 0.1 mm2), overlapping the column of the farthest 
migration. The IEC-6 cells were tracked by traced dots for counting. The dots were counted digitally by 
Image Pro Plus software.
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Cell culture. Rat intestinal jejunal crypt cells (IEC-6, pas-
sages 10–25) were purchased from American Type Culture 
Collection and were cultured at 37°C in a 5% CO

2
 incubator. 

The maintenance cell media was Dulbecco’s modified Eagle’s 
media (DMEM; Gibco BRL) supplemented with 5% fetal calf 
serum (FCS), 5 mg bovine insulin, 50 μg/ml of penicillin/
streptomycin (DMEM; Gibco BRL) and a final concentration 
of 1 mM of sodium pyruvate. The media was changed thrice a 
week, according to standard culture protocols. Dulbecco’s modi-
fied Eagle’s medium without glutamine (DMEM; Gibco BRL) 
was used whenever the supplementation effect of Gln or AQ 
was evaluated. The cultured cells were trypsinized with 0.25% 
EDTA trypsin when 90–95% confluence was achieved.

Wound healing assay of IEC-6 cell monolayers (cell migra-
tion). IEC-6 cells were seeded in 12-well plates in a concentra-
tion of 6.25 × 104 cells/well and cultivated in DMEM media 
with 5% FCS (Gibco BRL). IEC-6 cells were confluent after 2 

tight junction expression.3 Our group has reported that PIs can 
induce both apoptosis and necrosis in IEC-6 cells.8 Similarly, a 
recent study noted that ritonavir and lopinavir, but not ampre-
navir, induced apoptosis and necrosis by activating endoplasmic 
reticulum (ER) stress.4 Among the different PIs tested, NFV was 
found to be a potent inducer of ER stress, autophagy and apopto-
sis in various cell lines.10 In our study, we observed that prolonged 
exposure to NFV caused apoptosis and necrosis in IEC-6 cells as 
well as apoptosis in the intestinal epithelium in mice.

AQ enhanced cell proliferation and migration in IEC-6 cells 
even after exposure to NFV. These findings are consistent with 
our previous studies which have shown that glutamine and AQ 
were able to ameliorate intestinal epithelial damage induced 
by a variety of agents such as Clostridium difficile toxin A and 
5-fluorouracil, a chemotherapy drug.27,33 As others have previ-
ously reported, glutamine is able to enhance crypt turnover 
activity through distinct growth factors, such as EGF and IGF-1, 
and is involved in mitotic signaling pathways including ERK 1 
and 2, resulting in a shift of the intestinal balance toward more 
proliferative effects, rather than programmed cell death.34,35 
Interestingly, we found that both glutamine and AQ were able to 
improve cell migration and apoptosis induced by toxin A, but not 
apoptosis induced by 5-flourouracil suggesting that glutamine 
may act through specific pathways on preventing cell death.27,33 
Glutamine and AQ inhibited caspase 8 activation induced by 
toxin A and did not interfer with caspase 6 and 9 activation.36 We 
postulate that AQ might regulate cell apoptosis through a mech-
anism different from the one involved in 5FU- or NFV-induced 
apoptosis, resulting in its inability to revert or prevent cell death 
in this condition. That AQ was able to improve intestinal resti-
tution in untransformed cells and mice, without affecting the 
pro-apoptotic effect of NFV, indicates AQ’s potential benefit in 
decreasing intestinal side-effects during chemotherapy with PIs. 
However, further studies evaluating the anti-tumor effects of 
NFV in the presence of alanyl-glutamine (which our study did 
not address) are warranted. Whether enhancement of intestinal 
absorption and ability to use increased doses of the drug may 
improve the effectiveness of NFV treatment against cancer in 
vivo are yet to be proven.

In summary, we provide evidence that AQ supplementation 
enhances intestinal epithelial repair in vitro and in vivo, after 
exposure to NFV, while not altering cell death induced by the 
PI. These results support exogenous AQ supplementation follow-
ing treatment with PIs to ameliorate gastrointestinal side-effects 
and possibly allow increases in the maximum tolerated dose and 
enhance intestinal drug absorption, which may positively impact 
treatment efficacy and adherence. Further studies are warranted 
to elucidate the mechanisms involved in intestinal epithelial 
damage caused by PIs and repair by AQ.

Materials and Methods

Reagents and drugs. Glutamine (Gln) and AQ were obtained 
from Sigma. Tetrazolium salt WST-1 reagent was obtained from 
Roche. Mitomycin C was obtained from Roche. Nelfinavir 
(NFV) was obtained through the NIH-AIDS Reagent Program.

Figure 2. (A) Protective effect of supplementation with 10mM of alanyl-
glutamine (AQ) on IEC-6 cell proliferation following 1h of exposure 
to nelfinavir (NFV) at 70μg/mL. (B) Effect of 1, 5, 10 and 50mM of AQ 
supplementation on IEC-6 cell proliferation, evaluated with a colorimet-
ric assay by detecting absorbance using an ELISA microplate-reader at 
450 nm. After 24 and 48 h, wells were incubated for 4 h with 10 μL of 
tetrazolium salt and the absorbance was measured. After 24 and 48 h, 
wells were incubated for 4 h with 10 μL of tetrazolium salt and the ab-
sorbance was measured. Values are expressed as mean ± standard error. 
*p < 0.05, compared with control group with media without glutamine, 
by Student’s unpaired t test. #p < 0.05, compared with group with NFV, 
by Student’s unpaired t-test.
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for 1 h with either DMEM media without Gln or 70 μg/mL of 
NFV. Afterwards, wells were washed with DMEM media with-
out Gln and incubated for 12 or 24 h with either DMEM media 
without Gln or 10 mM of AQ. Wells were digitally photographed 
after 12 and 24 h.26,27 The digital pictures were analyzed using 
Image Pro Plus software version 5.0 (Media Cybernetics). A grid 
of 0.1 mm2 for each square was drawn, overlaying the digital pic-
tures of the wells. The column of farthest migration was chosen. 
Cells within the column were then tracked using red dots, and 
digitally counted using the Image Pro Plus software.

Cell proliferation assay. Cell proliferation was measured indi-
rectly using the tetrazolium salt WST-1 (4-[3-(4-iodophenyl)-
2H-5-tetrazolio]-1-3-benzene disulfonate), according to the 
manufacturer recommendations. A 96-well plate was seeded 
with IEC-6 cells in a total concentration of 4 × 103 cells/well in 
100 μL of DMEM media. Cells were allowed to attach for 48 h 
when and washed with 100 μL of DMEM media without Gln. 

d following seeding. In order to rule out the effect of cell prolif-
eration on cell migration, wells were incubated for 20 min with 
5 μg/mL of mitomycin C, which inhibits DNA synthesis and 
cell mitosis. Wells were then scratched along their diameter and 
extended 30 mm in length to the right center corner, using a 
sterile razor blade. Prior to scratching, 50% of the media volume 
was removed from each study well. The media was changed and 
the cells were then incubated in DMEM media without gluta-
mine (Gln) with 0, 7, 10, 70 and 100 μg/mL of NFV, diluted in 
0.5% DMSO. After one hour of incubation, wells were washed 
using DMEM media without Gln and incubated with DMEM 
media without Gln for 12 or 24 h. To evaluate the effect of AQ 
on cell migration, after incubating the wells with mitomycin C 
for 20 min and scratching, the wells were incubated with either 
DMEM media without Gln or DMEM media without Gln sup-
plemented with 1, 5, 10 or 50 mM of AQ. To evaluate the effect of 
AQ supplementation after NFV exposure, wells were incubated 

Figure 3. Flow cytometry analysis for apoptosis and necrosis rates on intestinal epithelial IEC-6 cell apoptosis and necrosis following 24 h of NFV 
treatment at 70 μg/mL, with or without supplementation with 10 mM of alanylglutamine (AQ). Control group (A), NFV (B), NFV + AQ (C). Lower-right 
quadrant represent apoptotic cells (high annexin V-FITC and low propidium iodide staining), lower-left quadrant indicate viable cells (low annexin 
V-FITC and propidium iodide staining), and upper-right quadrant show necrotic cells (high propidium iodide and annexin V-FITC staining). Graph (D) 
indicates the effect of both 1 and 24 h exposure to NFV at 70 μg/mL and supplementation with AQ at 10 mM.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te

www.landesbioscience.com	 Cancer Biology & Therapy	 1487

with either media without Gln or supplemented with 1, 5, 10 
or 50 mM of AQ. After 24 and 48 h, wells were incubated for 
2 h with 10 μL of the tetrazolium salt and the absorbance was 
measured using an ELISA microplate reader at 450 nm (reference 
range 420–480 nm). Tetrazolium salts are cleaved to formazan 
by mitochondrial enzymes in viable cells. Enhancement of the 
number of viable cells will result in an increase of the amount of 
the formazan dye, which is detectable by the ELISA reader.

The wells were incubated for 1 h with 70 μg/mL of NFV (dose 
chosen based on the migration results) diluted in 0.5% DMSO. 
The control groups were washed with DMEM media without 
glutamine and incubated for 1 h with 0.5% of DMSO. The cells 
were washed again with media without Gln and incubated for 
24 and 48 h with either DMEM media without Gln or DMEM 
media supplemented with 10mM of AQ. To evaluate the effects 
of AQ on cell proliferation wells were incubated for 24 and 48 h 

Figure 4. (A) Effect of nelfinavir at 100 mg/kg (NFV+PBS) and supplementation with 10 mM of alanyl-glutamine (NFV + AQ) compared with control 
(PBS), on body weight variation during 7-d treatment. For each animal (n = 6), daily body weight was measured. (B) Effect of NFV and AQ supplementa-
tion (NFV + AQ) on jejunum villi area, villli height, crypt depth and (C) morphometry after 7 d of treatment. For each animal (n = 6), 10 measurements 
of each small intestine segment were taken. Values are expressed as percentage of control. *p < 0.05, compared with PBS control group, by Student’s 
unpaired t-test. #p < 0.05, compared with group with NFV, by one-way ANOVA, with Bonferroni’s post test.
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supplemented or not with 10 mM of AQ during the 24 h period. 
Cells were trypsinized, centrifuged, and washed with serum-
containing media, before incubation with annexin V. Cells were 
counted and diluted to 105–106 cells and rinsed with 1× bind-
ing buffer, and re-suspended in 200 μL of binding buffer. Five 
microliters of annexin V and 10 μL of PI were added and cells 
were incubated for 5–15 min in the dark. The samples were then 
processed at the University of Virginia’s Flow Cytometry Core, 
using a FACS Calibur dual laser (Becton Dickinson).

Experimental animals. Male Swiss mice, 25–35 g body 
weight, were supplied from Center Vivarium at the Federal 
University of Ceará. The animals were kept in cages at room tem-
perature, day-night cycle of 12 h, water and commercial balanced 
food were given ad libitum. All experiments were conducted 
in accordance with National Institute of Health guidelines on 

Flow cytometry for apoptosis and necrosis. Apoptosis and 
necrosis were measured by flow cytometry analyses using the 
ApoAlert annexin V kit. Annexin V is a molecule that binds to 
phosphatidylserine (PS) and when conjugated to a fluorochrome 
detects apoptotic cells expressing PS on the reversed membrane 
surface. For this protocol, propidium iodide (PI) was used to 
detect necrotic and late apoptotic cells, which express PI inside 
the membrane. The cells were seeded on 12-well plates in a con-
centration of 5 × 105cells/well. These cells were allowed to attach 
on the plate surface for 24 h. Afterwards, cells were washed 
with DMEM media and incubated with NFV at 70 μg/mL for 
1 h or 24 h. In the first group, after 1 h of exposure, media was 
replaced with Gln-free DMEM and incubated with or without 
10 mM of AQ for 24 h. In the second group, cells were exposed 
to 70 μg/mL of NFV for 24h in DMEM media without Gln and 

Figure 5. (A) Effect of nelfinavir at 100 mg/kg (NFV) and supplementation with 10 mM of alanyl-glutamine (NFV + AQ) on jejunum intestinal mor-
phometry and mitotic index compared with control group (CONTROL). Values are expressed as percentage of control. (B) Effects of NFV and AQ 
supplementation (NFV + AQ) on cell death in the jejunum after 7 d of treatment compared with the PBS control. For each animal (n = 6), intestinal 
samples were collected and stained with TUNEL for immunohistochemistry. All slices were counterstained with methyl green, designed for nuclear 
counterstaining (stained light green, similar to blue color), which provide excellent contrast to brown. A strong methyl green stain, observed in the 
negative control slice, means that no immunostaining was detected, as expected. Negative control represents a sample of the jejunum where the 
antibody was replaced by 5% PBS/BSA. *p < 0.05, compared with PBS control group, by Student’s unpaired t test. #p < 0.05, compared with group with 
NFV, by one-way ANOVA, with Bonferroni’s post-test.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te

www.landesbioscience.com	 Cancer Biology & Therapy	 1489

In vivo analysis for cell death. After seven days of treatment 
with NFV with or without supplementation with AQ, intestinal 
tissue samples were collected as described above.

Intestinal tissue sections embedded in paraffin were hydrated 
and incubated with 20 μg/ml of proteinase K (Sigma) for 15 min 
at room temperature (RT) for analysis of apoptosis and necro-
sis using the ApopTag Plus Peroxidase In Situ Detection Kit 
(Serologicals Corp.) for TUNEL (terminal deoxynucleotidyl-
transferase [TdT]-mediated dUTP-biotin nick end labeling). 
Endogenous peroxidase was blocked by treatment with 3% 
(wt/vol) hydrogen peroxide in PBS for 5 min at RT. Afterwards, 
slides were washed with PBS and incubated in a humidified 
chamber at 37°C for 1 h with TdT buffer containing TdT 
enzyme and reaction buffer. Samples were then incubated for 
10 min at RT with a stop/wash buffer and placed in a humidified 
chamber for 30 min with anti-digoxigenin-peroxidase conjugate 
at RT. Sections were then washed 3 times in PBS, the slides cov-
ered with peroxidase substrate to develop color, washed in three 
changes of distilled H

2
O and counterstained in 0.5% (vol/vol) 

methyl green for 10 min at RT. At least 10 randomly selected sec-
tions from each sample were counted and cell death measured by 
counting, under a light microscope, the number TUNEL posi-
tive cells.

Statistical analyses. Results are expressed as mean ± stan-
dard error (SEM), as generated by GraphPad Prism version 4.0 
(GraphPad software). The differences between the experimental 
groups were compared by using either one-way ANOVA, with 
Bonferroni’s post-test, or unpaired Student’s t-test. Statistical sig-
nificance was accepted at the level of p < 0.05.

Disclosure of Potential Conflicts of Interest

RLG co-founded AlGlutamine, LLC.

Acknowledgments

We would like to thank Dr Benedito Carneiro for reviewing our 
manuscript, Joanne Lennigan for technical assistance with flow 
cytometry.

This study was supported by the National Research Council 
(CNPq), Brazil and by the National Institutes of Health GIDRT 
grant number 5 D43 TW006578.

the welfare of experimental animals and with the approval of 
the Ethical Committee for animal research from the Federal 
University of Ceará. The animals were divided into four groups 
with six animals per group. NFV at a dose of 100 mg/kg/d, based 
on previous studies evaluating toxicity,7 or AQ (AQ: 100 mM, 
based on previous studies17 was given orally, via gavage, during 
seven days mixed with phosphate buffer saline (PBS; 0.25 ml). 
PBS was used as a control for either NFV or AQ. The following 
groups were utilized: (1) Control PBS; (2) NFV; and (3) NFV + 
AQ. Daily body weight was recorded during the 7-d treatment 
period. Diarrhea rates were assessed by observing loose stools and 
“wet tail.”

Histology and intestinal morphometry. Mice were sacrificed 
by a lethal injection of a euthanasia solution (chloral hydrate, 
250 mg/kg, i.p), under anesthesia, on day 8. Immediately after 
euthanasia, 0.5 cm-samples were harvested from the duodenum, 
jejunum, and ileum, based on anatomical hallmarks. Tissue 
specimens were fixed in 10% neutral buffered formalin, and 
dehydrated for 12 h. On the following day, specimens were cut 
with a razor blade and then stored in 70% ethanol for paraffin 
embedding. Five-micrometer-thick cross-sections were prepared 
for hematoxylin-eosin staining (H&E). Crypt depth and vil-
lus height were measured from H&E stained slides on a light 
microscope equipped with a digital camera, and a computer-aid 
image capture system. Villus height was measured from the tip 
to the villus-crypt junction. The crypt depth was measured from 
the villus-crypt junction to the crypt bottom. All morphometric 
analyses were conducted blindly regarding experimental groups 
and diarrheal outcomes. The mounted intestinal segments were 
photographed at low power magnification (10×). Image J com-
puter software version 1.33μ (NIH, Bethesda, MD) was used to 
measure crypt depth and villus height on ten randomly selected 
points for each experimental group.

Mitotic index. The effect of NFV and AQ supplementa-
tion on intestinal cell proliferation was evaluated following 7 d 
of treatment. The mitotic figures were blindly counted in five 
longitudinal crypt sections per animal (n = 4/group). Light 
microscopy at 100× magnification was used for measurements. 
The mitotic index for each group was obtained by averaging the 
absolute values.
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