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Abstract
AIM: To investigate the effects of (dietary) glycine 
against oxidant-induced injury caused by bile duct 
ligation (BDL).
METHODS: Either a diet containing 5% glycine or a 
standard diet was fed to male Sprague-Dawley (SD) 
rats. Three days later, BDL or sham-operation was 
performed. Rats were sacrificed 1 to 3 d after BDL. The 
influence of deoxycholic acid (DCA) in the presence 
or absence of glycine on liver cells was determined 
by measurement of calcium and chloride influx in 
cultivated Kupffer cells and lactate dehydrogenase 
(LDH) activity was determined in the supernatant of 
cultivated hepatocytes.
RESULTS: Serum alanine transaminase levels 
increased to about 600 U/L 1 d after BDL. However, 
enzyme release was blunted by about two third in rats 
receiving glycine. Release of the alkaline phosphatase 
and aspartate aminotransferase was also blocked 

significantly in the group fed glycine. Focal necrosis 
was observed 2 d after BDL. Glycine partially blocked 
the histopathological changes. Incubation of Kupffer 
cells with DCA led to increased intracellular calcium 
that could be blocked by incubation with glycine. 
However, systemic blockage of Kupffer cells with 
gadolinium chloride had no effects on transaminase 
release. Incubation of isolated hepatocytes with DCA 
led to a significant release of LDH after 4 h. This 
release was largely blocked when incubation with 
glycine was performed.
CONCLUSION: These data indicate that glycine 
significantly decreased liver injury, most likely by 
a direct effect on hepatocytes. Kupffer cells do not 
appear to play an important role in the pathological 
changes caused by cholestasis.
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INTRODUCTION
Chronic cholestasis liver diseases lead to liver injury 
and ultimately progress to portal fibrosis, cirrhosis, and 
end-stage liver disease requiring liver transplantation. 
They include primary sclerosing cholangitis, primary 
biliary cirrhosis, extrahepatic biliary atresia, idiopathic 
adulthood ductopenia, idiopathic neonatal hepatitis, 
Byler’s disease, and arteriohepatic dysplasia[1-4]. Various 
drugs, total parenteral nutrition, sarcoidosis, chronic liver 
transplant rejection, and graft-versus-host disease may 
also cause chronic cholestasis[5-7]. Currently the most 
promising therapy for chronic cholestatic liver diseases 
is ursodeoxycholic acid[8], that may delay liver disease 
progression, but cannot prevent liver injury or fibrosis[9]. 
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The pathophysiology of  cholestasis induced liver injury 
and fibrosis remains unclear. One possible mechanism 
is that hepatic accumulation of  hydrophobic bile acids 
causes oxidative stress in the liver[10]. Previous studies 
showed that hepatic mitochondria generate reactive 
oxygen species when isolated hepatocytes are exposed 
to hydrophobic bile acids[10,11]. This mitochondrial free 
radical production may be an important mechanism 
of  cholestatic liver injury. However, the major source 
of  free radicals remains unclear. One possible cell type 
responsible for the generation of  free radicals could 
be the Kupffer cells, the resident macrophages of  
the liver. They are involved in disease states, such as 
endotoxin shock[12], alcoholic liver diseases[13], and other 
toxicant-induced liver injury by releasing eicosanoids, 
inflammatory cytokines (IL-1, IL-6, TNF-α), and free 
radical species[14].

Glycine, a simple nonessential amino acid, is a 
well-known inhibitory neurotransmitter in the central 
nervous system that acts via a glycine-gated chloride 
channel and has been shown to be protective against 
hypoxia, ischemia, and various cytotoxic substances[15-17]. 
Furthermore, it was demonstrated that dietary glycine 
protected both, the lung and the liver against lethal doses 
of  endotoxin in the rat[18] and improved graft survival 
after liver transplantation[19].

Based on pharmacological data[15-17], a glycine-gated 
chloride channel was detected in Kupffer cells and 
other macrophages[20] that influenced the activation 
process of  these cells. Glycine binds to and opens a 
chloride channel at the cell membrane, causing cell 
hyperpolarization that subsequently blocks calcium 
influx[20]. Thus it prevents the activation of  intracellular 
signaling cascades.

Accordingly, we hypothesized in this study that 
dietary glycine has a protective effect in liver injury after 
bile duct ligation (BDL) by preventing activation of  
Kupffer cells.

MATERIALS AND METHODS
Animal husbandry and diet treatment
Adult male Sprague-Dawley (SD) rats (200-250 g) 
were housed four to a cage in a facility approved by 
the Association for the Accreditation and Assessment 
of  Laboratory Animal Care International. Three days 
before surgery, rats were randomly assigned to two 
experimental groups and fed either a semisynthetic 
powdered diet (Teklad test diets, Madison, WI, USA) 
containing 5% glycine and 15% casein (glycine group) 
or 20% casein (control group). After surgery, each rat 
continued to receive its assigned diet throughout the 
entire experimental period. All animals received humane 
care in compliance with guidelines approved by the 
Institutional Animal Care and Use Committee of  the 
University of  North Carolina at Chapel Hill.

BDL
Rats underwent BDL and transection or sham operation 
under ether anesthesia, as described elsewhere[21]. Briefly, 

the common bile duct was located through a midline 
abdominal incision, double ligated near the liver, and 
transected between ligatures. Control rats received sham 
operation underwent the same procedure except that the 
bile duct was only gently manipulated, but not ligated 
or sectioned. Some rats were given gadolinium chloride 
(GdCl3; 20 mg/kg body weight iv 24 h before BDL) to 
selectively deplete Kupffer cells. Rats were sacrificed 
1 to 3 d after BDL or sham operation for further 
investigations (n = 5-6 per group).

Clinical chemistry and histology
Blood samples were collected from the tail veins at times 
indicated. Serum alkaline phosphatase (ALP), alanine 
aminotransaminase (ALT), aspartate aminotransaminase 
(AST), and bilirubin were measured using analytic kits 
from Sigma (St. Louis, MO, USA). On the day of  death, 
each rat was anesthetized with pentobarbital sodium  
(75 mg/kg ip), the abdomen was opened, and the 
portal vein was cannulated with a 20-gauge cannula. 
The liver was rinsed using a syringe containing 10 mL 
physiological saline, followed by slow infusion of  5 mL 
10% buffered formaldehyde (VWR International, West 
Chester, PA, USA). After 48 h in fixative, paraffin 
sections were prepared and stained with hematoxylin-
eosin. Liver pathology was scored in a blinded manner 
based on a scoring system described by Nanji et al[22] 
(inflammation and necrosis: 1 focus per low-power field: 
1+; 2 or more foci: 2+).

Preparation and culture of Kupffer cells and hepatocytes
Kupffer cells were isolated by collagenase digestion 
and differential centrifugation using Percoll (Sigma, 
Taufkirchen, Germany) as described elsewhere[23] with 
slight modifications[24]. Briefly, the liver was perfused 
through the portal vein with Ca2+- and Mg2+-free 
HBSS at 37℃ for 10 min at a flow rate of  20 mL/min. 
Subsequently, perfusion was with HBSS containing 0.02% 
collagenase Ⅳ (Sigma) at 37℃ for 10 min. After the liver 
was digested, it was excised and cut into small pieces in 
collagenase buffer. The suspension was filtered through 
nylon gauze and the filtrate was centrifuged two times at 
70 g for 3 min at 4℃ to remove parenchymal cells. The 
nonparenchymal cell fraction (mostly Kupffer cells) in 
the supernatant was washed with buffer and centrifuged 
at 650 g for 7 min at 4℃. Cell pellets were suspended 
in buffer and centrifuged on a density cushion of  
Percoll (25% and 50%) at 1800 g for 15 min at 4℃. The 
Kupffer cell fraction was collected, centrifuged at 650 g 
for 7 min and suspended again in buffer. Viability of  
cells was determined by Trypan blue exclusion. Purity 
(> 90%) of  Kupffer cell cultures was evaluated by 
morphological observation and by phagocytic uptake 
of  FITC-labeled 1 µm latex-beads. Kupffer cells were 
cultured in RPMI-1640 medium (Sigma) supplemented 
with 10% FCS and antibiotics/antimycotics (100 U/mL 
of  penicillin G, 100 µg/mL of  streptomycin sulfate, and 
0.25 µg/mL amphotericin B; Sigma) at 37℃ in a 10% 
CO2-containing atmosphere. Nonadherent cells were 
removed after 30 min by replacing the culture medium. 



The parenchymal cell fraction (mostly hepatocytes) was 
also isolated by Percoll (50%) centrifugation as described 
previously[25] and cultured at 1 × 106 cells/well in RPMI 
1640 medium (Sigma) containing 10% heat-inactivated 
fetal bovine serum and antibiotics as described above. 
Cells were cultured for 24 h before used for further 
experiments.

Measurement of intracellular Ca2+ concentration in 
Kupffer cells
Intracellular Ca2+ concentration ([Ca2+]i) was measured 
fluorometrically using the fluorescent calcium indicator 
dye fura-2. KC (1 × 106 cells/plate) were incubated 
in modified HBSS (mHBSS; in mmol/L): 110 NaCl, 
5 KCl, 0.3 Na2HPO4, 0.4 KH2PO4, 5.6 glucose, 0.8 
MgSO4·7H2O, 4 NaHCO3, 1.26 CaCl2, 15 HEPES, pH 
7.4 containing 5 µmol/L fura-2 AM (Molecular Probes, 
Eugene, OR, USA) at room temperature for 45 min. 
Coverslips plated with Kupffer cells were rinsed and 
placed in chambers with mHBSS at room temperature. 
Changes in fluorescence intensity of  fura-2 at excitation 
wavelengths of  340 and 380 nm and emission at 510 nm  
were monitored in individual Kupffer cells. A Nikon 
inverted fluorescent microscope interfaced with dual-
wavelength f luorescent photometer (Intracellular 
Ima g in g , C in c in n a t i , O H , U SA ) wa s u s ed t o 
ratiometrically determine [Ca2+]i. Data were collected and 
analyzed using InCyt software (Intracellular Imaging).

Determination of lactate dehydrogenase (LDH) release 
in hepatocytes
Twenty-four hours after isolation, hepatocytes were 
stimulated with deoxycholic acid (DCA; 0.1 mmol/L; 
Sigma) or normal saline in the presence or absence 
of  glycine (1 mmol/L; Sigma). After 4 h of  culture, 
supernatant was collected and LDH assays were 
performed via standard enzymatic techniques as described 
elsewhere[26].

Measurement of radiolabelled chloride influx by Kupffer 
cells
Assays for uptake of  36Cl used an adaptation of  a 
method described for neurons by Schwartz et al[27] and 
modified by Morrow and Paul[28]. Briefly, 2 × 106 Kupffer 
cells were plated on coverslips in 60 mm2 culture dishes 
and incubated as described above. After 24 h, media 
was replaced with HEPES buffer (20 mmol/L HEPES, 
118 mmol/L NaCl, 4.7 mmol/L KCl, 1.2 mmol/L 
MgSO4, and 2.5 mmol/L CaCl2, pH 7.4) and allowed to 
equilibrate for 10 min at room temperature. Coverslips 
were gently blotted dry and incubated in a petri dish 
with 2 mL of  buffer containing 2 mCi/mL 36Cl in the 
presence of  glycine (1 mmol/L) and/or DCA (0.01 and 
0.1 mmol/L) for 5 s. Chloride influx was linear between 
2-10 s; thus, a 5 s incubation time was chosen for all 
experiments. Chloride influx was terminated by washing 
the coverslip with ice-cold buffer for 3 s followed by 
a second wash for 7 s[28]. Coverslips were placed in 
scintillation vials, and protein was solubilized by adding 

1.6 mL NaOH (0.2 mol/L) for 2 h. An aliquot (0.16 mL) 
was collected for determination of  protein by the 
method of  Lowry et al[29]. Ecolume (10 mL) was added 
and radioactivity was determined by standard scintillation 
spectroscopy.

Statistical analysis
Data are presented as mean ± SD. ANOVA and the 
Student-Newman-Keuls post hoc tests were used for 
the determination of  statistical significance between 
treatment groups, and P < 0.05 was selected before the 
study as the level of  significance.

Boxplots illustrate median values and interquartile 
distance. The error bars represent the 5th and 95th 
percentiles.

RESULTS
Effects of dietary glycine on serum enzymes and 
histology after BDL
In untreated rats fed a standard chow diet, serum alanine 
transaminase (ALT) levels average 40 U/L and were 
not significantly altered by sham operation (data not 
shown). One day after BDL, ALT increased to 541 U/L  
(Figure 1A), and remained elevated at day 2 and 3 after 
BDL with 599 U/L and 543 U/L, respectively. When rats 
were treated with dietary glycine, ALT levels increased to 
248 U/L one day after BDL (Figure 1A). On day 2 and 
3, ALT levels were also significantly decreased compared 
to bile duct-ligated rats fed a control diet (232 U/L 
on day 2 and 161 U/L on day 3). Serum aspartate 
aminotransferase (AST) and alkaline phosphatase (AP) 
levels, which were also measured at day 1, 2, and 3 after 
BDL, revealed similar results as ALT (Figure 1B and C).

Normal liver architecture was observed in rats 
on a control and a glycine diet after sham operation  
(Figure 2A). Two days after BDL focal necrosis and 
white blood cell infiltration were detected in livers of  rats 
receiving a standard diet (Figure 2B). These pathological 
changes were partially blocked in rats receiving dietary 
glycine (Figure 2C).

Influence of DCA on calcium and chloride influx in cultivated 
Kupffer cells in the presence or absence of glycine
Intracellular calcium concentration ([Ca2+]i) in cultured 
Kupffer cells was determined fluorometrically with the 
calcium indicator fura-2 as described in MATERIALS 
AND METHODS. After the addition of  0.01 or  
0.1 nmol/L DCA, [Ca2+]i levels increased as expected 
over the investigated time period of  10 min (Figure 3). 
Glycine (1 mmol/L) added 3 min before DCA inhibited 
this increase/induction in [Ca2+]i. Glycine alone had no 
detectable effect on [Ca2+]i (data not shown).

The glycine-gated chloride channel mediates the 
inf lux of  chloride and hyperpolarizes the cells [30] 
thereby preventing DCA-induced increases of  [Ca2+]i 
(Figure 3). Indeed, glycine (1 mmol/L) caused a 
significant, about 4-fold influx of  radiolabeled chloride 
in the presence of  DCA (0.01 or 0.1 nmol/L) (Figure 4). 
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This effect of  glycine was significantly reduced by 
the classical glycine-gated chloride channel antagonist 
strychnine (data not shown).

Effects of Kupffer cell elimination on serum enzymes 
after BDL
To investigate whether Kupffer cells play an important 
role in cholestatic liver injury, rats were treated with 
GdCl3 that selectively depletes Kupffer cells, before 
BDL. Suppression of  Kupffer cells with GdCl3 neither 

blunted ALT release (Figure 5) nor attenuated focal 
necrosis after BDL (data not shown), confirming our 
previously published data [31]. In detail, ALT levels 
increased up to 779 U/L (± 53) 24 h after BDL. 
Pretreatment with GdCl3 one day before BDL had no 
effect on this transaminase release after BDL (870 ±  
78 U/L).

Influence of DCA on LDH release in isolated hepatocytes 
in the presence or absence of glycine
Incubat ion of  i so la ted hepatocytes wi th DCA  
(0.1 mmol/L) led to a specific release of  LDH (Figure 6)
over the investigated time period (1 h incubation time: 
101 ± 8 U/L; 2 h incubation time: 112 ± 7 U/L; 3 h 
incubation time: 119 ± 8 U/L; 4 h incubation time: 
149 ± 18 U/L). This release was significantly blocked 
when glycine was simultaneously added (1 h incubation 
time: 42 ± 7 U/L; 2 h incubation time: 77 ± 7 U/L;  
3 h incubation time: 92 ± 8 U/L; 4 h incubation time: 
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Figure 1  Dietary glycine blunts increased liver enzyme release after 
BDL. Blood was collected at the time points indicated. Serum alanine 
aminotransferase (A), aspartate aminotransferase (B), and alkaline 
phosphatase (C) activity was determined using commercial kits. Values are 
mean ± SD (n = 5-6 in each group). aP < 0.05 vs sham operation; cP < 0.05 vs 
bile duct-ligated rats fed control diet.
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Figure 2  BDL induced focal necrosis that was blunted by dietary glycine. 
Shown are representative images (× 75). A: Sham operation with control diet; B: 
BDL with control diet; C: BDL with dietary glycine.
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79 ± 6 U/L). Incubation with glycine or saline alone had 
almost no effect on the release of  LDH (Figure 6).

DISCUSSION
Chronic cholestatic l iver diseases are one of  the 
leading indications for liver transplantation in children 
and adults[1,2]. Therefore, new strategies to reduce the 
pathological changes caused by (chronic) cholestasis 
are needed, because cur rent therapies, such as 
ursodeoxycholic acid[9], do not prevent liver injury. 
Oxidative stress and activation of  Kupffer cells are 
probably involved in the pathogenesis of  liver injury 
caused by cholestasis. Glycine has been shown to be 
an anti-inflammatory amino acid acting via inhibitory 
effects on several white blood cells, including Kupffer 
cells[15-19]. Glycine activates a chloride channel, leading 
to cell hyperpolarization and a concomitant blocking 
of  calcium influx via a voltage dependent calcium 
channel[20]. Accordingly, we hypothesized that the 
activation of  Kupffer cells and the associated free radical 
formation after BDL could be blocked by glycine, thus 
leading to a decreased liver injury.

Dietary glycine blunts liver injury due to BDL
In confirmation of  previous work from our and several 
other laboratories[21,31-35], BDL caused hepatic enzyme 
release (Figure 1) and focal cell necrosis (Figure 2), as 
expected. However, hepatic enzyme release (ALT, AST, 
AP) was significantly blunted and histopathological 
changes were partially blocked in the group receiving 

dietary glycine. Incubation of  Kupffer cells with DCA 
led to increased intracellular calcium that was inhibited 
by incubation with glycine (Figure 3), most likely thru a 
glycine stimulated influx of  chloride (Figure 4). However, 
systemic blockage of  Kupffer cells with gadolinium 
chloride had no effect on transaminase release (Figure 5), 
indicating a minor, if  any role of  Kupffer cells in the 
pathophysiology of  experimental cholestasis. Incubation 
of  hepatocytes with DCA in vitro led to a significant 
release of  LDH that was reduced by glycine (Figure 6).

How does dietary glycine decrease cholestasis-induced 
liver injury?
The protective effects of  glycine are probably due to its 
direct effect on target cells or mediated by inhibition of  
inflammatory cell activation. Glycine appears to exert 
several protective effects, including anti-inflammatory, 
immunomodulatory and direct cytoprotective actions. 
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The underlying mechanisms are not completely 
understood. Glycine decreases oxidative stress[15-19] by 
different and partly indirect mechanisms that prevent 
reactive oxygen species formation. Furthermore, glycine 
protects renal tubular cells, hepatocytes and endothelial 
cells against injury from hypoxia, ischemia-reperfusion 
and ATP depletion[16,36-39]. Most studies show that glycine 
protects plasma membrane integrity, but does not restore 
ATP levels or affect intracellular pH[16,38-40].

Activation of  the glycine-gated chloride channel is 
another widely postulated mechanism for the effects of  
glycine. The glycine receptor exists in a wide variety of  
cells, beside its typical occurrence at the postsynaptic 
neuronal membranes of  the spinal cord. Besides 
endothelial cells and renal proximal tubular cells[17,41], 
cells involved in inflammatory and immune responses, 
such as macrophages, monocytes, neutrophils, and 
T lymphocytes, express a glycine receptor[18,20,42-44]. 
Glycine acts thru its receptor on inflammatory cells, 
such as Kupffer cel ls, to suppress activation of  
transcription factors and the formation of  free radicals 
and inflammatory cytokines. In the plasma membrane, 
glycine appears to activate a chloride channel[20,30] that 
stabilizes or hyperpolarizes the plasma membrane 
potential (Figure 4). As a consequence, agonist-induced 
opening of  L-type voltage dependent calcium channels 
and the resulting increases in intracellular calcium ions 
are suppressed (Figure 3), which may account for the 
immunomodulatory and anti-inflammatory effects 
of  glycine. By preventing Kupffer cell activation, a 
decreased formation of  inflammatory and fibrogenic 
mediators may be achieved. However, the role of  
Kupffer cells in fibrosis is controversial. Destruction of  
Kupffer cells attenuated liver fibrosis caused by carbon 
tetrachloride[45]. By contrast, in a rat model of  reversible 
biliary obstruction, inactivation of  Kupffer cells impaired 
collagen metabolism and inhibited the resolution of  
fibrosis[46]. Kupffer cells release many mediators, like 
TNF-α, TGF-β, human growth factor, PDGF, and 
reactive oxygen species[47,48] that activate stellate cells 

leading to fibrosis. TNF-α production and NF-κB 
activation increase during cholestasis[49,50]. Activation of  
NF-κB, probably due to oxidative stress, could lead to 
expression of  TNF-α. However, suppression of  Kupffer 
cell function with GdCl3, a treatment that blocks carbon 
tetrachloride-induced fibrosis, did not attenuate injury 
caused by cholestasis (Figure 5) confirming previous 
work from our laboratory[31]. This finding indicates that 
Kupffer cells most likely do not play a prominent role in 
cholestasis-induced fibrosis in vivo and that glycine does 
not work exclusively by inhibiting Kupffer cell activation.

Recent work suggested that liver parenchymal 
cells at least contain a glycine dependent receptor. In 
isolated hepatocytes, glycine blocks the increase in 
intracellular calcium due to PGE2 and phenylephrine, 
an a1-type adrenergic receptor agonist[51]. Low-dose 
strychnine partially reverses the inhibition by glycine. 
When extracellular chloride is omitted, glycine is much 
less effective in preventing increases in intracellular 
calcium due to PGE2. These data suggested that 
hepatoprotection by glycine is, in part, due to its direct 
effect on hepatocytes via regulating of  intracellular 
calcium[51]. Consistent with these earlier findings, a direct 
effect of  glycine on LDH release in isolated hepatocytes 
was observed in the present study after DCA challenge 
(Figure 6). Nevertheless, the effect of  the conjugation 
of  glycine and the used “secondary bile acid” DCA on 
the ability to lyse cells directly and solubilize cellular and 
membrane components should be also considered.

In conclusion, we demonstrated that hepatic injury, 
due to BDL, is significantly reduced by dietary glycine. 
Moreover, the data indicate that glycine decreases liver 
injury under the conditions of  experimental cholestasis 
thru a direct effect on hepatocytes. Surprisingly, 
Kupffer cells do not appear to play a major role in the 
pathological changes caused by cholestasis.
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is controversial. Destruction of Kupffer cells attenuated liver fibrosis caused by 
carbon tetrachloride. By contrast, in a rat model of reversible biliary obstruction, 
inactivation of Kupffer cells impaired collagen metabolism and inhibited the 
resolution of fibrosis.
Innovations and breakthroughs
Recent studies demonstrated that dietary glycine protected both the lung and 
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Figure 6  Glycine reduces DCA-induced release of LDH in isolated 
hepatocytes. Cells were isolated and stimulated with DCA (0.1 mmol/L) or 
saline in the presence or absence of glycine (1 mmol/L). Values are mean ± SD 
(n = 5-6 in each group). aP < 0.05 vs saline or glycine group; cP < 0.05 vs DCA 
treated hepatocytes.
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liver against lethal doses of endotoxin in the rat and improved graft survival 
after liver transplantation. Based on pharmacological data a glycine-gated 
chloride channel could be detected in Kupffer cells and other macrophages that 
influence the activation process of these cells by preventing the activation of 
intracellular signaling cascades.
Applications
The aim of this study was to investigate the effects of (dietary) glycine against 
oxidant-induced injury caused by bile duct ligation (BDL). The findings 
suggested that glycine significantly decreased liver injury, most likely by a direct 
effect on hepatocytes. Kupffer cells do not appear to play an important role in 
the pathological changes caused by cholestasis.
Terminology
Glycine, a simple nonessential amino acid, is a well-known inhibitory 
neurotransmitter in the central nervous system that acts via a glycine-gated 
chloride channel and has been shown to be protective against hypoxia, 
ischemia, and various cytotoxic substances. Kupffer cells, which are derived 
from monocyte/macrophage cell lineage, are the resident macrophages of 
the liver. Although they represent about 80% of the total fixed macrophage 
population, they are less than 5% of the total hepatic cell population. Kupffer 
cells play a critical role in the pathogenesis of several disease states, 
including endotoxin shock and alcoholic liver disease, because they release 
physiologically active substances such as eicosanoids, inflammatory cytokines, 
and many free radical species leading to localized tissue injury.
Peer review
This is an interesting study. It investigated the effects of (dietary) glycine against 
oxidant-induced injury caused by BDL.
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