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1. ABSTRACT

The integrity of the intestinal epithelium 
ensures its normal physiological function. 
Consequently, damage to the mucosal epithelium 
can impair the absorption of nutrients, thereby 
reducing the growth performance and compromising 
the health of animals. N-acetylcysteine (NAC) is 
pharmaceutically available either intravenously, 
orally, or by inhalation for reducing endothelial 
dysfunction, inflammation, fibrosis, invasion, 
cartilage erosion, acetaminophen detoxification, and 
transplant prolongation. NAC is rapidly metabolized 
by the small intestine to produce glutathione and can 
not be detected in animals without supplementation. 
The physiologic functions and therapeutic effects 
of NAC are largely associated with maintaining 
intracellular concentrations of reduced glutathione. 
Results from recent studies indicate that NAC reduces 
inflammation, alleviates oxidative stress, improves 
energy status, and ameliorates tissue damage 
in the intestine of lipopolysaccharide-challenged 
piglets. Moreover, dietary supplementation with 
NAC ameliorates acetic acid-induced colitis in a 
porcine model. The effects of NAC are associated 
with some intestinal cell signaling pathways, such as 
EGFR, TLR4, apoptosis and tight junction signaling. 

The current review focuses on the protective effects 
of NAC on intestinal health and the molecular 
mechanisms of its action.

2. INTRODUCTION

The intestinal integrity plays an essential 
role in nutrition (1-2), metabolism (3-4), and whole-
body homeostasis (5-7). The gastrointestinal tract 
is important as the first defense of the body against 
bacteria-derived endogenous and exogenous 
harmful agents. Neonates are prone to various 
stresses, such as early-weaning, infection, and 
inflammatory bowel disease, resulting in intestinal 
mucosal injury and absorptive dysfunction (1, 8-9). 
Intestinal dysfunction severely impairs the health 
and growth of both humans and animals (particularly 
piglets).

N-acetylcysteine (NAC) is a   thiol, a 
mucolytic agent, and an acetylated precursor of 
L-cysteine and reduced glutathione (GSH) (10). NAC 
is pharmaceutically available either intravenously, 
orally, or by inhalation (11). NAC is a source of 
sulfhydryl groups in cells and a scavenger of free 
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radicals as it interacts with reactive oxygen species 
(ROS) such as hydrogen peroxide and hydroxyl 
radical (12). Therefore, NAC plays an important 
role in protecting cells against oxidative stress (13). 
Orally administered NAC is very rapidly utilized by 
the intestine to produce glutathione (14-15). There 
is growing evidence that dietary supplementation 
with NAC could improve intestinal morphology 
and function in animals, including piglets. The 
current review focuses on recent developments in 
the studies regarding protective effects of NAC on 
intestinal functions of mammals (particularly pigs) 
and the underlying molecular mechanisms.

3. GROWTH PERFORMANCE OF ANIMALS

Growth performance is a major criterion 
used to evaluate outcomes of animal production. 
Dietary supplementation with 0.05% NAC increased 
daily body weight gains of lipopolysaccharide (LPS)-
challenged pigs (Tables 1 and 2) (16-17). This means 
that NAC could relieve growth depression in weaned 
piglets chronically challenged by the endotoxin. In 

contrast, in the absence of stress, administration of 
NAC may not affect the growth of young pigs in a 
short-term, as reported for piglets receiving 0.05% 
NAC as a supplement in a typical corn- and soybean 
meal-based diet (16).

4. NAC AND INTESTINAL ACTIONS

4.1. Intestinal morphology
The indicators of the small-intestinal 

morphology are villus height, crypt depth, the ratio of 
villus height to crypt depth, and villous surface area. 
Usually, an increase in villus height, villous surface 
area, or villus/crypt ratio corresponds to improvement 
in intestinal absorption capacity and health (17-19). 
There is evidence that dietary supplementation with 
NAC could improve intestinal histological morphology. 
For example, NAC supplementation has the following 
effects: (1) increased villus height; (2) decreased 
crypt depth; (3) an increased ratio of villus height to 
crypt depth; and (4) increased villous surface area in 
the small intestinal mucosa of LPS-challenged piglets 
(Table 3) (17). Notably, dietary supplementation with 

Table 1. Effects of N-acetylcysteine supplementation on the growth performance of weanling 
piglets after LPS challenge (10-20 days)

Items +LPS -LPS SEM P-value
-NAC +NAC -NAC +NAC LPS NAC NAC×LPS

N 6 6 6 6

Initial BW, kg 15.7 15.4 15.7 16.0 0.78 0.58 0.76 0.87

Final BW, kg 18.3 18.6 20.9 21.0 0.57 0.08 0.75 0.97

ADG, g 262 317 520 490 24 0.001 0.30 0.04

ADFI, g/d 656 666 950 913 67 0.009 0.72 0.83

F/G 2.52 2.11 1.84 1.86 0.22 0.04 0.82 0.34

Values are means with pooled SEM, n = 6. Adapted from Hu et al. (16). BW, body weight; F/G: feed/gain ratio; SEM, standard error of the 
mean. 

Table 2. Effects of dietary NAC supplementation on the growth performance of piglets after LPS 
challenge

Items Control LPS LPS + NAC

Body weight at day 10 of the trial (kg) 15.4  ±  0.55 15.7  ±  0.54 16.0  ±  0.63

Average daily feed intake between days 10 and 20 of the trial (g/day) 657  ±  60.3 664  ±  58.6 667  ±  61.2

Average daily weight gain between days 10 and 20 of the trial (g/day) 310  ±  12.3a 269  ±  11.8b 289  ±  13.0a

Data are means ± SD, n = 6. Control (non-challenged control) = piglets fed the basal diet and injected with sterile saline; 
LPS (LPS challenged control) = piglets fed the basal diet and challenged with Escherichia coli LPS; LPS + NAC (LPS + 500 mg/kg 
NAC) = piglets fed the basal diet supplemented with 500 mg/kg and challenged with LPS. a-b: Values within a row with different letters 
differ (P<0.05). Adapted from Hou et al. (17).
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500 mg/kg NAC could alleviate gross mucosal injury 
caused by acetic acid administration (8). In the piglet 
model of ulcerative colitis induced by intrarectal 
administration with acetic acid, NAC reduced the 
elevated histopathology score in the colon of acetic 
acid-challenged piglets and ameliorated acetic 
acid-induced histological abnormalities (8). Dietary 
supplementation with NAC increased the numbers 
of goblet cells and cell density, while decreasing the 
number of intraepithelial lymphocytes (IEL) and the 
lymphocytic density of acetic acid-challenged piglets 
(Table 4) (8). These findings support the notion that 
NAC could maintain the normal morphology of the 
intestine and favorably alleviate the LPS-induced 
damage in the small intestine and acetic acid-
induced damage in the colon.

4.2. Absorptive and barrier function
Absorption of D-xylose from the intestinal 

lumen into plasma is a useful marker of in vivo 
intestinal function in animals (20-21). Generally, 
one hour blood D-xylose test is used to measure 

intestinal absorption capacity and mucosal 
integrity (17). Dietary supplementation with 
500 mg/kg NAC augmented the entry of orally 
administered D-xylose into the systemic circulation 
in LPS-challenged piglets (Table 5) (17). In healthy 
piglets, D-xylose is readily absorbed by the small 
intestines. However, under LPS challenge or 
malabsorption, the entry of D-xylose from the 
intestinal lumen to the portal vein is impaired, 
thereby reducing D-xylose concentrations in both 
blood and urine (17-18, 21). In addition, dietary 
supplementation of 500 mg/kg NAC alleviated 
a decrease of diamine oxidase (DAO) activity in 
the small-intestinal mucosa and increase of DAO 
activity in plasma in response to LPS administration 
(Table 5) (17). DAO is present in the mammalian 
intestinal mucosa or the small intestine villi, and this 
enzyme is particularly abundant in rapidly dividing 
cells (20, 22). The activity of the mucosal DAO 
can serve as a useful marker of intestinal mucosal 
maturation and integrity, and of mucosal injury and 
recovery. In addition, plasma DAO is an indicator of 

Table 3. Effects of NAC supplementation on the intestinal mucosal morphology of pigs after LPS 
challenge

Items Control LPS LPS+NAC

Villus height, μm

Duodenum 388.17 ± 14.64 376.83 ± 9.39 369.75 ± 17.26

Jejunum 421.15 ± 11.23a 399.53 ± 12.78b 406.11 ± 8.24b

Ileum 375.43 ± 17.23a 349.34 ± 13.80b 373.68 ± 12.68a

Crypt depth, μm

Duodenum 102.98 ± 5.23b 118.81 ± 7.08a 113.28 ± 7.87a

Jejunum 111.70 ± 6.86b 122.81 ± 7.12a 113.18 ± 7.41b

Ileum 114.34 ± 10.16 117.10 ± 9.96 112.59 ± 5.03

Villus height/crypt depth

Duodenum 3.78 ± 0.21a 3.18 ± 0.13b 3.28 ± 0.25b

Jejunum 3.78 ± 0.17a 3.26 ± 0.21b 3.61 ± 0.29a

Ileum 3.31 ± 0.40 3.01 ± 0.32 3.32 ± 0.13

Villous surface area, cm2

Duodenum 5.08 ± 0.28 4.81 ± 0.47 5.03 ± 0.27

Jejunum 5.61 ± 0.39a 4.69 ± 0.25c 5.14 ± 0.29b

Ileum 5.28 ± 0.35a 4.67 ± 0.32b 4.96 ± 0.39ab

Data are means ± SD, n = 6. Control (non-challenged control) = piglets fed the basal diet and injected with saline; LPS (LPS challenged 
control) = piglets fed the basal diet and challenged with Escherichia coli LPS; LPS+NAC (LPS + 500 mg/kg NAC) = piglets fed the basal 
diet supplemented with 500 mg/kg and challenged with LPS. Villous surface area = 2πrh (r = villus width/2, h = Villus height). a-c; Values 
within a row with different letters differ (P<0.05). Adapted from Hou et al. (17).
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effects of LPS on intestinal oxidative stress can be 
attenuated by dietary NAC supplementation (7).

Reactive oxygen species (ROS) oxidize 
lipids, proteins and DNA, thereby causing cellular 
damage and subsequent cell death (11). Thus, 
ROS has been implicated in the pathophysiology 
of many disorders including neurodegenerative 
diseases (11). In addition to the possible effects of 
hypoperfusion on endotoxin-induced gut injury, LPS 
can result in tissue ischemia and hypoxia, changes 
in cell oxidative metabolism of the microsomal 
enzyme system, and production of a large number of 
free radicals (20, 24). NAC enhances the intestinal 
antioxidative capacity by partly increasing the 
activity of superoxide dismutase (SOD), catalase 
(CAT), glutathione peroxidase (GSH-Px). This action 

Table 4. Effects of NAC supplementation on the colonic mucosal morphology of acetic 
acid-treated piglets

Items Control AA NAC

Score 6.3 ± 1.5a 12.5 ± 2.6b 8.3 ± 1.8a

Crypt Depth1, μm 190 ± 2.2 200 ± 3.5 231 ± 3.8

Goblet cells/100 enterocytes 10.3 ± 2.2b 7.4 ± 0.7a 9.8 ± 1.6b

IEL2/100 enterocytes 1.6 ± 0.5a 2.7 ± 0.8b 1.8 ± 0.9a

Cell density3 1.3 ± 0.4 0.9 ± 0.3 1.0 ± 0.1

Lymphocytic density3 1.6 ± 0.2a 2.4 ± 0.7b 1.7 ± 0.3a

Data are means ± SD, n = 6. Control = piglets fed the basal diet and received intrarectal administration of sterile saline; AA = piglets fed 
the basal diet and received intrarectal administration of acetic acid; NAC = piglets fed the basal diet supplemented with 500 mg/kg NAC 
and received intrarectal administration of acetic acid. a-b: Values within a row with different letters differ (P<0.05). 1Crypt depth: The 
distance from the crypt mouth to the base. The same crypt columns were used to determine the number of IEL, goblet cells expressed per 
100 enterocytes. 2IEL = Intraepithelial lymphocytes. 3Intravillus lamina propria cell and lymphocytic density expressed as number of total 
cells or number of lymphocytes per 1,000 μm2. Adapted from Wang et al. (8).

Table 5. Effects of dietary NAC supplementation on plasma D-xylose, the activity of DAO in 
plasma and intestinal mucosa of piglets after LPS challenge

Items Control LPS LPS+NAC

D-xylose in plasma (μg/mL) 0.590 ± 0.100a 0.409 ± 0.029b 0.510 ± 0.049a

DAO in plasma (U/mL) 6.974 ± 0.682b 8.684 ± 0.933a 7.584 ± 0.598b

DAO in duodenum (U/mg pro) 0.278 ± 0.060a 0.190 ± 0.064b 0.172 ± 0.047b

DAO in jejunum (U/mg pro) 0.199 ± 0.033a 0.120 ± 0.027b 0.165 ± 0.021a

DAO in ileum (U/mg pro) 0.061 ± 0.023 0.042 ± 0.022 0.054 ± 0.012

Data are means ± SD, n = 6. Control (non-challenged control) = piglets fed the basal diet and injected with saline; LPS (LPS challenged 
control) = piglets fed the basal diet and challenged with Escherichia coli LPS; LPS + NAC (LPS + 500 mg/kg NAC) = piglets fed the basal 
diet supplemented with 500 mg/kg and challenged with LPS. a-b: Values within a row with different letters differ (P<0.05). Adapted from 
Hou et al. (17).

the severity of mucosal injury (17, 20, 22). Under 
certain circumstances, intestinal mucosal cells 
undergo necrosis and slough off into the intestinal 
lumen, and DAO is released into the intestinal 
lymphatic and vascular space, leading to a decrease 
in intestinal mucosal DAO and an increase in 
circulating levels of DAO (17). This accompanies by 
the increase of intestinal permeability in response 
to LPS and inflammatory cytokines (20, 23). Taken 
together, these data support the notion that NAC can 
enhance the ability of the small intestine to absorb 
nutrients and improve mucosal barrier function 
particularly under inflammatory conditions.

4.3. Antioxidative capacity
NAC may be beneficial against lipid 

peroxidation-mediated damage. The adverse 
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of NAC is consistent with the decreased content of 
malondialdehyde (MDA), hydrogen peroxide (H2O2), 
superoxide anion (O2•-) content, and GSSG/GSH 
ratio in the jejunal mucosa of LPS- challenged 
piglets (Table 6) (7). ROS, such as superoxide 
radical, hydrogen peroxide, and hydroxyl radical, are 
produced primarily by the mitochondria of cells as 
by-products of normal metabolism during conversion 
of molecular oxygen to water (7, 25). Whole-body 
homeostasis is maintained in the oxidative stress-
antioxidant balance (20). The anti-oxidative 
enzymes include SOD, CAT, and GSH-Px (26). SOD 
functions to convert superoxide anion (O2•-) into 
H2O2 and O2, and is part of free radical scavenging 
systems (7, 10, 20). H2O2 is degraded to water by 
CAT (7). GSH-Px protects intracellular organelles 
from the damaging effects of hydroperoxides. This 
enzyme catalyses the reduction of H2O2 to water, with 
the simultaneous conversion of reduced glutathione 
to oxidized glutathione (13). The circulating level 
of MDA, which is an important indicator to reflect 
the extent in the accumulation of free radicals in 
the body caused by oxidative damage, serves as 
a useful bio-marker of in vivo oxidative stress (25). 
Moreover, NAC prevented LPS-induced increases 
in abundances of intestinal heat shock protein 70 
(HSP70) protein expression of LPS-challenged 
piglets (Figure 1) (7). High concentrations of HSP70 
are indicative of oxidative stress (7, 18, 27). In 
response to stress, HSP70 is expressed at elevated 
levels to promote refolding and prevent aggregation 
of partially-denatured proteins, thereby protecting 
cells from injury (20, 27). These findings suggest that 
NAC substantially ameliorated oxidative stress in the 
intestinal mucosa of piglets. One of the antioxidant 

defenses in cells is the endogenous thiols such as 
glutathione and thioredoxin (10, 28). NAC is a thiol, a 
source of sulfhydryl groups in cells and a scavenger 
of free radicals as it interacts with ROS (10), thereby 
protecting cells against oxidative damage (29). As 
stated above, the antioxidant effects of NAC may 
be directly related to its chemical structure or to 
the secondary induction of glutathione production. 
Among the direct effects of NAC are reactions with 
hydroxyl radicals, resulting in their inactivation (30). In 
this process, NAC is converted into NAC thiol radical 
intermediates, and finally into NAC disulfide (7, 10). 
A secondary antioxidant effect of NAC is exerted 
indirectly via increasing glutathione synthesis, which 
is essential for cellular defense against oxidative 
damage (7, 30).

Indeed, NAC supplementation decreased 
myeloperoxidase (MPO) activity in the plasma, as 
well as MDA concentrations in the plasma and colon 
of acetic acid-induced colitis in piglets (Table 7) (8). 
MPO is an enzyme found predominantly in 
neutrophils and has been used as a valid quantitative 
indicator of inflammation due to a positive correlation 
between MPO activities and neutrophil infiltration in 
the colon (8, 31-32). These findings suggest that 
NAC could alleviate acetic acid-induced oxidative 
injury in the colonic mucosa of piglets.

4.4. Anti-inflammatory effects
LPS challenge can stimulate macrophages 

to synthesize and secrete proinflammatory cytokines 
and enhances the production of inflammatory 
cytokines by multiple organs, including the small 
intestine (7, 33-34). Hou et al. (2013) recently reported 

Table 6. Effects of NAC on redox status in the jejunal mucosa
Items Control group LPS group NAC group

SOD, U/mg protein 85.5 ± 2.5a 71.8 ± 1.8b 78.5 ± 2.2a

CAT, U/g protein 52.4 ± 3.1a 27.5 ± 0.70c 37.3 ± 2.7b

GSH-Px, U/g protein 85.4 ± 6.8a 57.1 ± 7.2b 70.7 ± 4.4ab

MDA, μmol/g protein 0.37 ± 0.02b 0.48 ± 0.01a 0.36 ± 0.05b

H2O2, μmol/g protein 0.66 ± 0.01b 0.77 ± 0.03a 0.68 ± 0.03b

O2•-, μmol/g protein 2.52 ± 0.08c 4.76 ± 0.43a 3.22 ± 0.10b

GSSG/GSH 0.10 ± 0.01b 0.23 ± 0.03a 0.11 ± 0.01b

Data are means ± SEM, n = 6. Control group (non-challenged control) = piglets fed the basal diet and injected with saline; 
LPS group (LPS challenged control)=piglets fed the basal diet and challenged with Escherichia coli LPS; NAC group (LPS + 500 mg/
kg NAC)=piglets fed the basal diet supplemented with 500 mg/kg and challenged with LPS. a, b, cValues within a row with different 
letters differ (P<0.05). CAT, catalase; GSSG, oxidized glutathione; GSH, reduced glutathione; GSH-Px = glutathione peroxidase; 
H2O2 = hydrogen peroxide; MDA = malondialdehyde; O2•-  = superoxide anion; SOD = superoxide dismutase. Adapted from Hou et al. (7).
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that LPS administration increased the concentrations 
of tumor necrosis factor-alpha (TNF-α), interleukin 
(IL)-6, cortisol, and prostaglandin E2 (PGE2) in the 
plasma and small intestinal mucosa and that dietary 
supplementation with 500 mg/kg NAC reduced 

Figure 1. Relative levels of heat shock protein 70 (HSP70) expressed in the small-intestinal mucosa of piglets. Mucosal extracts (50 μg 
protein/sample) were separated by 10% SDS-polyacrylamide gel electrophoresis for determination of HSP70 and β-actin. Values for 
relative HSP70 were normalized for β-actin. Data are means ± SEM, n = 6. Control (non-challenged control) = piglets fed the basal diet and 
injected with sterile saline; LPS (LPS challenged control) = piglets fed the same control diet and challenged with Escherichia coli LPS; NAC 
(LPS + 500 mg/kg NAC) = piglets fed the basal diet supplemented with 500 mg/kg NAC and challenged with LPS. a, b Within same intestinal 
segment, means with different superscripts differ (P<0.05). Adapted from Hou et al. with permission (7).

Table 7. Effects of NAC on redox status in the plasma and colonic mucosa of acetic acid-induced 
piglets

Items Control AA NAC

Plasma 

MPO, U/L 136 ± 12a 172 ± 24b 150 ± 24a

SOD, U/mL 87.3 ± 30.2 82.0 ± 13.6 77.2 ± 11.8

CAT, U/mL 4.58 ± 1.29 3.64 ± 1.03 6.50 ± 3.19

MDA, nmol/mg protein 5.12 ± 0.51a 6.97 ± 1.24b 5.41 ± 1.02a

Colonic mucosa

MPO, U/g wet mucosa 0.071 ± 0.003a 0.095 ± 0.018b 0.063 ± 0.016a

SOD, U/mg protein 20.9 ± 1.4 18.5 ± 4.2 20.5 ± 6.0

CAT, U/mg protein 1.16 ± 0.12b 0.99 ± 0.17a 0.87 ± 0.16a

MDA, nmol/mg protein 0.33 ± 0.04a 0.58 ± 0.16b 0.41 ± 0.15a

Data are means ± SD, n = 6. Control=piglets fed the basal diet and received intrarectal administration of sterile saline; AA = piglets fed the 
basal diet and received intrarectal administration of acetic acid; NAC = piglets fed the basal diet supplemented with 500 mg/kg NAC and 
received intrarectal administration of acetic acid. a-b: Values within a row with different letters differ (P < 0.05). MPO = Myeloperoxidase; 
SOD = superoxide dismutase, CAT = catalase; MDA = malondialdehyde. Adapted from Wang et al. (8).

concentrations of the inflammatory mediators 
(Table 8). These results indicate an important role for 
NAC in reducing inflammation (7). Consistent with 
the above observations, pretreatment of mice with 
NAC prior to endotoxin injection resulted in reduced 
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Table 8. Effects of NAC on concentrations 
of proinflammatory mediators in plasma 
and intestinal mucosae and of EGF in 
plasma

Item Control group LPS group NAC group

Plasma (Day 10) 

TNF-α, ng/mL 0.68 ± 0.19c 3.48 ± 0.34a 2.25 ± 0.24b

Cortisol, ng/mL 22.0 ± 6.4c 272 ± 29a 201 ± 8b

IL-6, pg/mL 109 ± 6.4b 210 ± 19a 136 ± 19b

PGE2, pg/mL 51.1 ± 3.3c 71.1 ± 2.9a 62.3 ± 1.9b

EGF, ng/mL 1.03 ± 0.04a 0.83 ± 0.05b 1.05 ± 0.08a

Plasma (Day 20)

TNF-α, ng/mL 0.63 ± 0.01b 1.14 ± 0.11a 0.66 ± 0.14b

Cortisol, ng/mL 22.0 ± 5.4b 117 ± 23a 66.5 ± 14.0ab

IL-6, pg/mL 104 ± 9b 156 ± 4a 119 ± 19b

PGE2, pg/mL 50.3 ± 1.1b 60.6 ± 2.6a 52.4 ± 3.0b

EGF, ng/mL 1.26 ± 0.11a 0.82 ± 0.09b 1.35 ± 0.17a

Duodenal mucosa

TNF-α, ng/mL 2.19 ± 0.34b 4.46 ± 0.51a 3.18 ± 0.30b

Cortisol, ng/mL 2.30 ± 0.11b 5.99 ± 0.76a 4.77 ± 0.69a

IL-6, pg/mL 174 ± 8b 267 ± 22a 206 ± 37ab

PGE2, pg/mL 81.7 ± 5.4 91.8 ± 2.7 84.5 ± 3.1

Jejunal mucosa

TNF-α, ng/mL 2.92 ± 0.45b 5.11 ± 0.18a 3.16 ± 0.28b

Cortisol, ng/mL 2.29 ± 0.23b 5.45 ± 0.87a 3.49 ± 0.49b

IL-6, pg/mL 210 ± 19b 366 ± 18a 263 ± 20b

PGE2, pg/mL 80.1 ± 1.6b 95.7 ± 4.5a 82.4 ± 2.2b

Ileal mucosa

TNF-α, ng/mL 1.61 ± 0.26b 3.47 ± 0.44a 2.18 ± 0.32b

Cortisol, ng/mL 2.73 ± 0.52c 7.87 ± 0.88a 4.81 ± 0.52b

IL-6, pg/mL 142 ± 15b 235 ± 23a 144 ± 7b

PGE2, pg/mL 86.0 ± 3.1b 104 ± 3a 92.9 ± 2.5b

Data are means ± SEM, n = 6. Control group (non-challenged 
control) = piglets fed the basal diet and injected with saline; 
LPS group (LPS challenged control) = piglets fed the 
basal diet and challenged with Escherichia coli LPS; NAC 
group (LPS + 500 mg/kg NAC) = piglets fed the basal diet 
supplemented with 500 mg/kg and challenged with LPS. 
a, b, cValues within a row with different letters differ (P < 0.05). 
IL-6 = interleukin 6; PGE2 = prostaglandin E2. Adapted from 
Hou et al. (7).

nuclear factor κB (NF-κB) activation and neutrophilic 
alveolitis (35). Furthermore, NAC was shown to 
inhibit collagen-induced arthritis in mice by inhibiting 
inflammatory cytokines and NF-κB activity (36-37). 
Through suppressing NF-κB activation, NAC also 
suppressed the production of nitric oxide by the 
inducible form of nitric-oxide synthetase and the 
generation of IL-6 by cells of the immune system (38). 
In line with these reports, NAC prevented the LPS-
induced increase in NF-κB expression in the small-
intestinal mucosa (Figure 2) (7). Similarly, NAC 
supplementation decreased TNF-α concentrations in 
the plasma of acetic acid-treated piglets (Table 9) (8).

NF-κB is normally bound to IκB protein 
in the cytoplasm, but is released from the bound 
complex to enter the nucleus in response to infection, 
oxidative stress or inflammation. The release of 
NF-κB can increase transcription of genes coding 
for TNF-α, IL-1 and IL-6, which ultimately results 
in a positive feedback loop (39). These findings 
suggest that NAC could alleviate LPS or acetic acid-
induced oxidative injury in piglets and may have 
positive effects on reducing the severity of intestinal 
inflammation.

Notably, NAC reduced the elevated 
mRNA levels for toll-like receptor 4 (TLR4) in the 
jejunal and ileal mucosa of LPS-challenged piglets 
(Table 10) (7). TLR4 activation leads to an increase 
in enterocyte apoptosis and a loss of mucosal barrier 
integrity (40-41). In addition   to activating pathways 
that lead to cytokine release from tissues, TLR4 may 
directly contribute to perturbations in mucosal healing 
and further exacerbate the inflammatory response 
within the intestinal mucosa (42). NAC reduced the 
elevated concentrations of the TNF-α in the plasma 
and small intestinal mucosa of LPS-challenged 
piglets, and prevented LPS-induced increases in the 
abundance of intestinal NF-κB p65 proteins. Taken 
together, these results provide evidence that NAC 
prevented the activation of the TLR4 signaling, and 
alleviated inflammatory response and the mucosal 
damage in the small intestine (7).

4.5. Improved energy status in the 
intestinal mucosa

Mitochondria are key cellular organelles 
that regulate biochemical reactions related to ATP 
production and apoptosis (43). Most of the ATP is 
generated by the proton gradient that develops across 
the inner mitochondrial membrane. ATP is a complex 
nanomachine that serves as the primary energy 
currency of the cell. AMP is a good indicator of cellular 
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Figure 2. Relative levels of nuclear factor κB (NF-κB p65) expressed in the small-intestinal mucosa of piglets. Mucosal extracts (60 μg 
protein/sample) were separated by 10% SDS-polyacrylamide gel electrophoresis for determination of NF-κB p65 and β-actin. Values for 
relative NF-κB p65 were normalized for β-actin. Data are means ± SEM, n = 6. Control (non-challenged control) = piglets fed the bsasl diet 
and injected with sterile saline; LPS (LPS challenged control) = piglets fed the same control diet and challenged with Escherichia coli LPS; 
NAC (LPS + 500 mg/kg NAC) = piglets fed the basal diet supplemented with 500 mg/kg NAC and challenged with LPS. a,bWithin same 
intestinal segment, means with different superscripts differ (P<0.05). Adapted from Hou et al. with permission (7).

stress because an increased rate of ATP hydrolysis 
leads to a rapid accumulation of AMP in the cell (44). 
The adenylate energy charge (AEC) of the adenylate 
pool is a better measure of the energy status in a tissue 

than the level of a single nucleotide. The hydrolysis 
of ATP first increases cellular ADP concentrations, 
and ADP is then converted by the adenylate kinase 
reaction (2 ADP↔ATP+AMP) to ATP and AMP (45-46). 

Table 9. Effects of NAC on proinflammatory mediators and growth modulator in the plasma and 
colonic mucosa of acetic acid-treated pigs

Item Control AA NAC

Plasma

TNF-α, ng/mL 0.61  ±  0.17a 0.84  ±  0.11b 0.49  ±  0.14a

IL-6, pg/mL 106.4  ±  23.6 115.2  ±  34.2 113.6  ±  18.3

PGE2, pg/mL 57.9  ±  11.5 55.1  ±  13.1 51.9  ±  11.8

EGF, ng/mL 0.65  ±  0.08ab 0.60  ±  0.07a 0.76  ±  0.10b

Colonic mucosa

IL-6, pg/mL 134.3  ±  12.7 133.6  ±  17.2 130.8  ±  11.3

PGE2, pg/mL 74.5  ±  3.9a 96.0  ±  14.5b 90.5  ±  15.0b

TGF-α, pg/mL 3.50  ±  0.83a 4.28  ±  0.33b 2.56  ±  0.54c

Data are means ± SD, n = 6. Control = piglets fed the basal diet and received intrarectal administration of sterile saline; AA = piglets fed the 
basal diet and received intrarectal administration of acetic acid; NAC = piglets fed the basal diet supplemented with 500 mg/kg NAC and 
received intrarectal administration of acetic acid. a, b, c Values within a row with different letters differ (P < 0.05). TNF-α = tumor necrosis 
factor-alpha; IL-6 = interleukin 6; PGE2 = prostaglandin E2; EGF = epidermal growth factor; TGF-α = transforming growth factor-α. Adapted 
from Wang et al. (8).
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Therefore, during increased consumption of ATP, 
AMP accumulates well before any changes in 
cellular ATP or ADP concentrations occur (44). 
LPS could induce alterations in gastrointestinal 
oxygen metabolism and result in mitochondrial 
injury in the ileum (47-48). LPS treatment reduced 
ATP concentrations and AEC, therefore altering the 
cellular energy status in the piglet intestinal mucosa 
(45, 49). Notably, NAC supplementation resulted 
in: 1) increased ATP concentrations; 2) reduced AMP/
ATP ratio; and 3) increased AEC in the small intestine 
of LPS-challenged piglets (Table 11) (49). These lines 
of evidence indicate that NAC could modulate the 
adenine nucleotide pool and support the notion that 
NAC beneficially alleviates the LPS-induced damage 
of the intestinal energy metabolism. The results 
also  reveal a hitherto unrecognized role for NAC in 
improving energy status in the small intestine.

The activity of the AMPK in endothelial 
cells can be regulated by stimuli that affect cellular 
ATP levels (50). Moreover, hypoxia, which occurs 
in the small intestine of LPS-treated animals, leads 
to activation of AMPK via an increase in the AMP/
ATP ratio (51-53). When activated, AMPK switches 
on catabolic pathways for ATP regeneration, 

such as glucose uptake, fatty acid β-oxidation, 
while switching off ATP-requiring pathways, 
such as the synthesis of protein, fatty acids, and 
triglyceride (51, 54). LPS challenge resulted in an 
increase in the ratio of phosphorylated AMPK-α 
to AMPK-α (p-AMPK/AMPK) in jejunal mucosa, 
whereas NAC supplementation decreased the 
p-AMPK/AMPK ratio in the jejunum (Figure 3) (49). 
Similarly, α-ketoglutarate (AKG), as a precursor of 
glutamine, prevented the LPS-induced increase in 
phosphorylated AMPK expression in the intestinal 
mucosa (45). Thus, NAC relieves the LPS-induced 
energy depletion in the intestinal mucosa possibly 
via the AMPK pathway, thereby playing a protective 
effect on the small intestinal mucosa (49). It 
is unknown whether NAC directly or indirectly 
phosphorylates AMPK in cells.

4.6. Promotion of cell survival and anti-
apoptotic activities

Oxidative stress causes programmed 
cell death or apoptosis in several pathological 
processes (10, 55). High concentrations of ROS 
initiate necrotic or apoptotic cell death (56). Based on 
studies of various cell types, it is increasingly clear that 
NAC has growth-promoting activities (10). Consistent 
with this view, we found dietary supplementation with 
500 mg/kg NAC attenuated the decreases in DNA 
concentrations, as well as rations of RNA/DNA and 
protein/DNA, in the jejunal mucosa of LPS-challenged 
piglets (Table 12) (7). In addition, NAC prevented the 
acetic acid-induced decrease in the protein/DNA ratio 
in the colon of piglets (8). Thus, intestinal biochemical 
indices, such as DNA concentrations, as well as 
RNA/DNA and protein/DNA ratios, can be used to 
assess intestinal growth and development (7, 57-58). 
DNA concentration reflects the rate of mitosis to 
produce new columnar epithelial cells, RNA/DNA 
ratio indicates cellular efficiency, and protein/DNA 
ratio implicates the efficiency of protein synthesis 
in cells (7, 57). The results of these studies clearly 
reveal that NAC supplementation can stimulate 
the growth of the intestinal mucosa in response to 
endotoxin or acetic acid treatment.

One of the putative mechanisms for NAC’s 
action may involve the expression of caspase-3. 
Caspase-3 is one of the key components of the 
apoptotic pathway in the small intestine (17, 40, 59). 
Apoptosis is typically accompanied by the activation 
of a class of “death” proteases (caspases) (8, 60). 
Caspase-3 is commonly activated by numerous 
“death” signals to cleave a variety of important 
cellular proteins (61). This protein is either partially 

Table 10. Effects of NAC on EGFR, TLR4 
and AQP8 mRNA levels in jejunal and ileal 
mucosae of LPS-challenged pigs

Items Control group LPS group NAC group

EGFR mRNA

Jejunum 1.00 ± 0.06a 0.64 ± 0.07b 0.76 ± 0.08ab

Ileum 1.00 ± 0.05a 0.72 ± 0.05b 0.99 ± 0.07a

TLR4 mRNA

Jejunum 1.00 ± 0.24b 2.07 ± 0.42a 1.09 ± 0.16b

Ileum 1.00 ± 0.19b 1.89 ± 0.28a 1.38 ± 0.17ab

AQP8 mRNA

Jejunum 1.00 ± 0.08a 0.42 ± 0.05b 0.52 ± 0.09b

Ileum 1.00 ± 0.16 1.11 ± 0.32 1.13 ± 0.45

Data are means ± SEM, n = 6. Control group (non-challenged 
control) = piglets fed the basal diet and injected with saline; 
LPS group (LPS challenged control) = piglets fed the 
basal diet and challenged with Escherichia coli LPS; NAC 
group (LPS + 500 mg/kg NAC) = piglets fed the basal diet 
supplemented with 500 mg/kg and challenged with LPS. 
a, b Values within a row with different letters differ (P < 0.05). 
Adapted from Hou et al. (7).
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or totally responsible for the proteolytic cleavage of 
many key “death” proteins (17, 59). Much evidence 
shows that LPS or acetic acid induces cell death 
through the activation of caspase-3 (7, 17, 59).

We recently reported that dietary 
supplementation with 500 mg/kg NAC attenuated 
caspase-3 protein expression in the small intestine 
of LPS-challenged pigs (Figure 4) (17). Moreover, 
NAC prevented the acetic acid-induced increase in 
the abundance of caspase-3 protein in the colon 
of pigs (Figure 5) (8). Thus, the positive effect of 
NAC on LPS-induced enterocyte death is in line 
with its positive effect on acetic acid-induced 
apoptosis and its promoting effects on cell growth 
and survival.

On the other hand, NAC supplementation 
increased the circulating levels of epidermal growth 
factor (EGF) and relieved growth depression in 
weanling piglets under LPS challenge (16). In addition, 
NAC enhanced EGF receptor (EGFR) mRNA levels 
in the small intestinal mucosa of LPS-challenged 
piglets (Table 10) (7). Moreover, NAC increased 
mRNA levels for EGF in the colonic mucosa of acetic 
acid-challenged piglets (Table 13) (8). Epidermal 
growth factor (EGF) and its receptor (EGFR) play 
important roles in the repair of the intestinal mucosa 
following damage (62-64). The signal transduction 
mediated by EGFR is characterized by a plethora 
of beneficial responses, including the enhancement 
of cell proliferation, repair and migration, and the 
stabilization of internal environment (7, 63-64). 
This is consistent with the observations that NAC 
supplementation mitigated cell apoptosis (indicated by 
decreased expression of the caspase-3 protein) in the 
small intestine of LPS-challenged pigs and the colonic 
mucosa of acetic acid-challenged piglets. Additionally, 
mRNA levels for the amphiregulin gene was markedly 
elevated in the colon of NAC-supplemented piglets 
(Table 13) (8). Amphiregulin (AR) is a bi-functional 
growth modulator: it can promote the growth of normal 
epithelial cells but can also inhibit the growth of certain 
aggressive carcinoma cell lines (8, 65). Therefore, it 
is possible that NAC alleviates intestinal injury partly 
via its growth-promoting effects, particularly its anti-
apoptotic actions and regulatory roles in the EGFR 
signaling pathway.

4.7. Regulation of tight junction protein 
expression (claudin-1 and occludin)

Intestinal epithelial integrity is maintained 
by cohesive interactions between cells via the 
formation of tight junctions (66). We found that 

Table 11. Effects of NAC on adenine 
nucleotide concentrations in the intestinal 
mucosa of piglets after LPS challenge

Item Control group LPS group NAC group

Duodenal 
mucosa

ATP, μg/g 
wet wt

87.81 ± 13.58a 56.18 ± 3.95b 65.63 ± 4.07ab

ADP, μg/g 
wet wt

105.49 ± 4.63 98.65 ± 10.41 110.15 ± 2.99

AMP, μg/g 
wet wt

343.06 ± 20.68b 439.05 ± 31.32a 336.13 ± 11.30b

AMP/ATP 4.20 ± 0.76a 7.81 ± 0.50b 5.32 ± 0.45b

TAN 524.46 ± 12.09 516.10 ± 32.60 551.34 ± 19.05

AEC 0.27 ± 0.028a 0.19 ± 0.012b 0.23 ± 0.098ab

Jejunal mucosa

ATP, μg/g wet wt 78.61 ± 6.67a 53.07 ± 4.72b 61.69 ± 5.10ab

ADP, μg/g wet wt 104.04 ± 5.83 95.72 ± 6.23 98.76 ± 13.77

AMP, μg/g 
wet wt

432.08 ± 25.62b 548.55 ± 23.83a 453.73 ± 26.73b

AMP/ATP 6.12 ± 0.54b 9.75 ± 1.29a 6.88 ± 0.85b

TAN 575.84 ± 34.34 671.60 ± 45.88 660.48 ± 55.46

AEC 0.22 ± 0.0087a 0.16 ± 0.010c 0.19 ± 0.0046b

Ileal mucosa

ATP, μg/g 
wet wt

60.05 ± 5.67a 44.38 ± 3.21b 54.22 ± 3.02ab

ADP, μg/g 
wet wt

66.34 ± 3.82 73.18 ± 4.42 70.15 ± 6.23

AMP, μg/g 
wet wt

216.86 ± 10.26b 323.69 ± 16.31a 240.90 ± 8.37b

AMP/ATP 3.73 ± 0.36b 6.75 ± 1.20a 3.95 ± 0.21b

TAN 348.40 ± 9.49 397.41 ± 57.49 383.12 ± 19.79

AEC 0.26 ± 0.017a 0.20 ± 0.016b 0.25 ± 0.0083ab

Data are means ± SEM, n = 6. Control group (non-challenged 
control) = piglets fed the basal diet and injected with saline; 
LPS group (LPS challenged control) = piglets fed the basal 
diet and challenged with Escherichia coli LPS; NAC group 
(LPS + 500 mg/kg NAC) = piglets fed the basal diet supplemented 
with 500 mg/kg and challenged with LPS. a, b Values within a row 
with different letters differ (P < 0.05). TAN = ATP + ADP + AMP; 
AEC (adenylate energy charge) = (ATP + 0.5ADP)/
(ATP + ADP + AMP); a, b, c Means in the same row with different 
superscripts differ significantly (P < 0.05). Adapted from 
Yang (49).
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NAC-induced enhancement of epithelial barrier 
function was associated with increased expression 

of claudin-1 and occludin (7). The members of 
the claudin-family proteins play a critical role in 

Figure 3. The phosphorylation state of AMPK in the small-intestinal mucosa of piglets. Mucosal extracts (150 μg protein/sample) from the 
small intestine were separated by 10% SDS-polyacrylamide gel electrophoresis for determination of phosphorylated AMPK-α (p-AMPK) 
and total AMPK (AMPK). Values for phosphorylated AMPK were normalized for total AMPK. Data are means ± SEM, n = 6. Control (non-
challenged control) = piglets fed the bsasl diet and injected with sterile saline; LPS (LPS challenged control) = piglets fed the same control 
diet and challenged with Escherichia coli LPS; NAC (LPS + 500 mg/kg NAC) = piglets fed the basal diet supplemented with 500 mg/kg NAC 
and challenged with LPS. a, b Within same intestinal segment, means with different superscripts differ (P<0.05). Adapted from Yang (49).

Table 12. Effects of NAC supplementation on intestinal mucosal growth of piglets challenged with 
LPS

Items Control LPS LPS+NAC

DNA, mg/g 

Duodenum 0.373 ± 0.028 0.354 ± 0.039 0.363 ± 0.015

Jejunum 0.317 ± 0.254a 0.217 ± 0.026b 0.283 ± 0.030a

Ileum 0.540 ± 0.028a 0.408 ± 0.025b 0.430 ± 0.018b

RNA/DNA

Duodenum 5.365 ± 0.430a 4.280 ± 0.364b 4.579 ± 0.571ab

Jejunum 7.124 ± 1.768a 4.835 ± 0.382c 6.743 ± 1.634b

Ileum 4.544 ± 0.654a 2.644 ± 0.223b 3.960 ± 0.449a

Total protein/DNA

Duodenum 165.97 ± 22.76 141.46 ± 23.35 155.17 ± 26.05

Jejunum 333.22 ± 44.71a 199.46 ± 27.87c 268.16 ± 35.28b

Ileum 175.39 ± 15.18a 115.56 ± 8.65b 158.53 ± 12.87a

Data are means ± SD, n = 6. Control (non-challenged control) = piglets fed the basal diet and injected with saline; LPS (LPS challenged 
control) = piglets fed the basal diet and challenged with Escherichia coli LPS; LPS + NAC (LPS + 500 mg/kg NAC) = piglets fed the basal 
diet supplemented with 500 mg/kg and challenged with LPS. a-b: Values within a row with different letters differ (P < 0.05). Adapted from 
Hou et al. (17).
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tight junction formation and affect permeability 
characteristics in the gut (17, 59, 67-68). Claudin-1 
and occludin integrate such diverse processes 

as gene transcription, tumor suppression, and 
cell proliferation to modulate intestinal-mucosal 
structure and function (69-70). LPS disrupts 

Figure 4. Relative levels of the caspase-3 protein in the small-intestinal mucosa of piglets. Mucosal extracts (150 μg protein/sample) from 
the small intestine were separated by 10% SDS-polyacrylamide gel electrophoresis for determination of caspase-3 and β-actin. Values for 
the caspase-3 protein were normalized for β-actin. Data are means ± SD, n = 6. Control (non-challenged control) = piglets fed the basal diet 
and injected with sterile saline; LPS (LPS challenged control) = piglets fed the basal diet and challenged with Escherichia coli LPS; LPS+NAC 
(LPS + 500 mg/kg NAC) = piglets fed the basal diet supplemented with 500 mg/kg and challenged with LPS. a, b Within same intestinal 
segment, means with different superscripts differ (P<0.05). Adapted from Hou et al. with permission (17).

Figure 5. Relative levels of caspase-3 expressed in the colonic mucosa of piglets. Mucosal extracts (39 μg protein/sample) from the colon 
were separated by 10% SDS-polyacrylamide gel electrophoresis for determination of caspase-3 and β-actin. Values for relative caspase-3 
abundance were normalized for β-actin. Data are means ± SD, n = 6. Control = piglets fed the basal diet and received intrarectal administration 
of sterile saline; AA = piglets fed the same control diet and received intrarectal administration of AA; NAC (AA + 500 mg/kg NAC) = piglets 
fed the basal diet supplemented with 500 mg/kg NAC and received intrarectal administration of AA. a, b Within the same intestinal segment, 
means with different superscripts differ (P<0.05). Adapted from Wang et al. (8).
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the gut morphology and increases paracellular 
permeability, while inducing a redistribution of tight 
junction proteins (e.g. occludin, claudin-1, claudin-4, 
and zonula occludens (ZO)-1) from intercellular 
junctions and reducing the expression of ZO-1 (71). 
This is consistent with our observations that LPS 
reduced the abundance of claudin-1 and occludin 
in the small intestinal mucosa of piglets (Figures 6 
and 7) (7). Notably, dietary supplementation with 
NAC prevented the LPS-induced decreases of 
claudin-1 and occludin expression in the small 
intestinal mucosa (Figures 6 and 7), indicating 
that NAC can effectively protect the small intestine 
from oxidative injury and is a safe agent for 
clinical management of neonates with intestinal 
inflammation (7). Furthermore, NAC substantially 
stimulated expression of claudin-1 protein in the 

colonic mucosa of acetic acid-challenged piglets, 
suggesting that NAC may improve the colonic 
epithelial barrier function and alleviate the acetic 
acid induced mucosal damage in the animals 
(Figure 8) (8). Overall, through regulating tight 
junction protein expression, NAC exerts beneficial 
effects on epithelial barrier and protects the mucosa 
against severe insult by LPS or acetic acid. Similarly, 
preservation of epithelial barrier integrity by TGF-β 
(transforming growth factor-β) in the face of EHEC 
(enterohemorrhagic Escherichia coli O157:H7) 
infection was accompanied by maintenance of the 
levels and distribution of claudin-2, occludin, and 
ZO-1 (67). Collectively, these data support the view 
that NAC affects expression of key proteins involved 
in anti-inflammatory responses via the tight junction 
signaling (17).

Figure 6. Relative levels of the claudin-1 protein in the small-intestinal mucosa of piglets. Mucosal extracts (60 μg protein/sample) from the 
small intestine were separated by 12% SDS-polyacrylamide gel electrophoresis for determination of claudin-1 and GAPDH. Values for relative 
claudin-1 were normalized for GAPDH. Data are means ± SD, n = 6. Control (non-challenged control) = piglets fed the basal diet and injected 
with saline; LPS (LPS challenged control) = piglets fed the basal diet and challenged with Escherichia coli LPS; LPS+NAC (LPS + 500 mg/kg 
NAC) = piglets fed the basal diet supplemented with 500 mg/kg and challenged with LPS. a, b Within same intestinal segment, means with 
different superscripts differ (P<0.05). Adapted from Hou et al. with permission (17).

Table 13. Effects of NAC on EGFR, AR, TNF-α and TLR4 mRNA levels in the colonic mucosa of 
acetic acid-treated pigs

Items Control AA NAC

EGFR 1.00 ± 0.29b 0.82 ± 0.19ab 0.61 ± 0.12a 

AR 1.00 ± 0.17a 1.28 ± 0.20a 1.58 ± 0.17b 

TNF-α 1.00 ± 0.16b 0.61 ± 0.16a 0.60 ± 0.11a 

TLR4 1.00 ± 0.04 0.86 ± 0.34 0.71 ± 0.10

Data are means ± SD, n = 6. Control = piglets fed the basal diet and received intrarectal administration of sterile saline; AA = piglets fed 
the basal diet and received intrarectal administration of acetic acid; NAC = piglets fed the basal diet supplemented with 500 mg/kg NAC 
and received intrarectal administration of acetic acid. a-b: Values within a row with different letters differ (P < 0.05). EGFR = epidermal 
growth factor receptor; AR = amphiregulin; TNF-α = tumor necrosis factor-alpha; TLR4 = toll-like receptor 4. Adapted from Wang et al. (8).
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5. CONCLUSION AND PERSPECTIVES

Enterocytes, colonocytes, and other 
intestinal cells readily transport NAC and convert it into 
L-cysteine, which has recently been classified as a 
nutritionally essential amino acid in animal and human 
nutrition to maintain the integrity, growth, and function 
of the intestinal mucosa and other cell types (72, 73). 

Along with glutamate and glycine in the lumen of the gut 
(74-77), cysteine is utilized for synthesis of glutathione 
in the small intestine. Based on its regulatory function 
in cell nutrition, metabolism and signaling, cysteine 
is a functional amino acid in animals (78). Thus, 
humans, livestock (including pigs), poultry, and fish 
have dietary requirements for cysteine (79). Plant 
(e.g., corn and soybean meal)-based diets usually 

Figure 7. Relative levels of the occludin protein in the small-intestinal mucosa of piglets. Mucosal extracts (120 μg protein/sample) from the 
small intestine were separated by 10% SDS-polyacrylamide gel electrophoresis for determination of occludin and β-actin. Values for relative 
occludin were normalized for β-actin. Data are means ± SD, n = 6. Control (non-challenged control) = piglets fed the basal diet and injected 
with saline; LPS (LPS challenged control) = piglets fed the basal diet and challenged with Escherichia coli LPS; LPS+NAC (LPS + 500 mg/kg 
NAC) = piglets fed the basal diet supplemented with 500 mg/kg and challenged with LPS. a, b Within same intestinal segment, means with 
different superscripts differ (P<0.05). Adapted from Hou et al. (17).

Figure 8. Relative levels of claudin-1 expressed in the colonic mucosa of piglets. Mucosal extracts (52 μg protein/sample) from the colon were 
separated by 12% SDS-polyacrylamide gel electrophoresis for determination of claudin-1 and β-actin. Values for relative claudin-1 abundance 
were normalized for β-actin. Data are means ± SD, n = 6. Control = piglets fed the basal diet and received intrarectal administration of sterile 
saline; AA = piglets fed the same control diet and received intrarectal administration of AA; NAC (AA + 500 mg/kg NAC) = piglets fed the basal 
diet supplemented with 500 mg/kg NAC and received intrarectal administration of AA. a, b Within the same intestinal segment, means with 
different superscripts differ (P<0.05). Adapted from Wang et al. with permission (8).
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do not contain sufficient cysteine to support maximal 
growth of mammals, birds or fish (80-82). In support 
of this notion, dietary supplementation with NAC 
alleviates intestinal injury and dysfunction in LPS-
challenged piglets. The beneficial effects of NAC 
are associated with the following actions: 1) reduced 
oxidative stress (indicated by increased activities 
of anti-oxidant enzymes, decreased production of 
reactive oxygen species, and reduced expression 
of the HSP70 protein); 2) reduced inflammation 
(indicated by reduced concentrations of inflammatory 
mediators) via the TLR4 signaling (indicated by 
decreased expression of the NF-κB p65 protein 
and TLR4 mRNA); 3) improved energy status of the 
intestinal mucosa (indicated by increased ATP and 
AEC, reduced AMP/ATP ratio and phosphorylated 
AMPK expression); 4) reduced cell apoptosis and 
enhanced recovery of the injured intestine (indicated 
by decreased expression of the caspase-3 protein 
in the intestinal mucosa and improved mucosal 
repair via the EGF signaling); and 5) regulated tight 
junction protein expression (indicated by increased 
expression of claudin-1 and occludin proteins in the 
small-intestinal mucosa). These findings not only aid 
in understanding the mode of NAC’s actions in the gut 
but also have important implications for development 
of new interventions to ameliorate intestinal injury 
and dysfunction in animals and humans under 
inflammatory conditions. Finally, NAC has anti-cancer 
effects, including counteractions against carcinogens 
and prevention of tumor progression (83). Thus, in 
addition to its use as a food additive in animal and 
human nutrition, NAC may hold great promise in 
preventing and treating a wide array of cancers, 
including brain, colon, hepatic, kidney, lung, and 
pancreatic cancers.
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