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The biochemical defects underlying decreased Zn absorption in inflammatory bowel disease have not been 
identifi:ed. In vitro studies have suggested that reactive oxygen species (e.g., hypochlorous acid and superoxide), 
produced by phagocytic cells during the inflammatory response, mobilize Zn from metallothionein (MT) and 
other proteins that bind 2% via sulfhydryl groups. We evaluated the in vivo effects of intestinal injlammation on 
Zn absorption and Zn binding to intestinal MT and cysteine-rich intestinal protein (CXIP), possible components 
of a carrier-mediated intestinal Zn transport system. Guinea pig models of acute (Na~Cl luminal pe~usion) and 
chronic {~,4,~-trinitrobenze~e suEfonic acid iTN~S~ injection) ileitis were used. The rate of 65Zn absorptionfrom 
the isolated ileum and the molecular distribution of 65Zn in mucosal cytosol determined by size-exclusion HPLC 
were measured after I hr of perfusion in the acute model and after 7 days in the chronic model. Zinc absorption 
was significantly lower in guinea pigs with either chronic or acute inflammation. In both models, decreased 
binding of 65Zn to MT and GRIP was also observed. The results indicate that decreased Zn absorption during 
intestinal injlammation may be mediated by the eflects of oxidants on the transport activity of intestinal proteins 
that bind Zn via suljhydryl groups. (J. Nutr. Biochem. 6~534-539, 1995.) 

Keywords: zinc absorption; metallothionein; cysteine-rich intestinal protein; inflammation; inflammatory bowel disease 

Introduction 

Despite extensive research on the immunological, biochem- 
ical, and epidemiological aspects of inflammato~ bowel 
diseases (IBD), the etiology and pathogenesis of these dis- 
eases remain unclear. ‘** Many characteristics of IBD- 
related growth failure, including delayed sexual maturity, 
dermatitis, hypogeusia, and lack of appetite are consistent 
with clinical symptoms of Zn deficiency,334 such that Zn 
deficiency has been proposed as a contributing factor in 
IBD.5 Also significant changes in Zn metabolism have been 
reported in patients with IBD, including ulcerative colitis6 
and Crohn’s disease,7Ss suggesting that intestinal inflamma- 
tion adversely affects Zn absorption and may result in Zn 
deficiency. Naveh et a1.9 used a rat model of acetic acid- 
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induced acute intestinal inflammation to show that inflam- 
mation reduced the rate of 65Zn absorption from ligated 
intestinal segments. A cascade effect where inflammation 
adversely affects Zn trusty leading to Zn deficiency 
which may in turn compromise gut repair or exacerbate the 
inflammatory response seems likely. 

Lack of more specific information about the effects of 
intestinal inflammation on Zn absorption stems largely from 
a lack of information about the mechanism(s) of Zn trans- 
port. It has recently been proposed’03’1 that cysteine-rich 
intestinal protein (CRIP) may function as a diffusible intra- 
cellular carrier in transcellular Zn transport across the in- 
testinal mucosa, and that Zn transport by CRIP is corn t- 
itively inhibited by metallothionein (MT). Fliss et al.’ ET -I4 
using in vitro methods showed that oxidants produced by 
neutrophils during the inflammatory response (e.g., super- 
oxide, hydrogen peroxide, hypochlorous acid) can mobilize 
Zn from MT and other metalloproteins that bind Zn via 
sulfhydryl groups. Since both MT’5*‘” and GRIP” bind Zn 
via cysteine sul~y~l residues, Zn transport may be al- 
tered during inflammation by the effects of oxidants on Zn 
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binding by components of the carrier-mediated despot 
system. 

The purpose of the present experiments was to evaluate 
the effects of inflammation on Zn absorption and Zn bind- 
ing to CRIP and MT in two guinea pig models of intestinal 
inflammation. Acute inflammation was induced by perfus- 
ing guinea pig ileum with a solution of sodium hypochlorite 
(NaOCl), resulting in the production of hypochlorous acid, 
a reactive oxygen species produced by phagocytic cells dur- 
ing an inflammatory response. I8 Chronic inflammation was 
produced by luminal injection of 2,4,6trinitrobenzene sul- 
fonic acid (TNBS), a hr$ten that stimulates the cell- 
mediated immune system and induces an infl~mato~ 
response with mo~holo~ical and biochemical changes typ- 
ical of Crohn’s disease. o-*3 

Methods and materials 
Animals and diets 

Female Hartley guinea pigs (Harlan Sprague-Dawley, Indianapo- 
lis, IN, USA) weighing 250 to 300 g were housed in stainless steel 
cages in an environmentally controlled room with a 12-br lightl 
dark cycle. A commercial diet (Purina Guinea Pig Chow 5025, 
Ralston Purina, St. Louis, MO, USA) containing 70 mg of Zn/kg 
and tap water were supplied ad libitum. For all experiments, 
guinea pigs were anesthetized by in~~uscul~ injection of keta- 
mine (40 mgikg of BW) and xylazine (4 mgikg of BW), and 
anesthesia was m~ntained with methoxyflurane by inhalation as 
required. Care and treatment of experimental animals received 
prior institutional approval and followed recommended guide- 
lines. 24 

Reagents 

Unless otherwise noted, all chemicals were at least reagent grade 
and were obtained from Sigma Chemical Co. (St. Louis, MO, 
USA) or U.S. Biochemical Co. (Cleveland, OH, USA). 

TNBS ileifis (chronic model) 

The model used in these experiments was previously described in 
guinea pigs23 as an adaptation of a rat colitis model.” Under 
sterile conditions, the distal small intestine of anesthetized guinea 
pigs was exteriorized after a midline laparotomy. A segment (10 
cm) proximal to the ileo-cecal valve was cleared of residual lumi- 
nal contents with sterile saline. Ileitis was induced by transmural 
injection of TNBS (30 mg/kg of BW in 50% ethanol) into the 
lumen using a 26-gauge needle. Control guinea pigs received the 
same treatment except that the intestine was injected with saline 
(0.9% NaCl). The ileum was then returned to the abdominal cavity 
and the peritoneum sutured layer by layer. Each guinea pig was 
placed in a “warm water bed” until recovery from the anesthesia, 
then returned to its cage for 1 week prior to measuring Zn absorp- 
tion. Previous reports have shown that TNBS chronic ileitis in this 
model is characterized by hemorrhage and thickening of the in- 
testinal wall, mucosal leakage of protein and nitrite, and develop- 
ment of a prosecretory condition.23 

NaOCl ileitis (acute model) 

Acute ileitis was induced in anesthetized guinea pigs by perfusion 
of the terminal ileum with sodium hypochlorite (NaOCI; J.T. 
Baker, Phillipsburg, NJ USA) as previously described.25 Briefly, 
the distal small intestine was exteriorized after a midline laparot- 

omy and a 10 cm segment of the terminal ileum was flushed with 
warm saline. After manual expression of the intestinal contents, 
~lye~ylene cannulae were inserted and tied into each end of the 
isolated segment. The intestine was then returned to the abdominal 
cavity and perfused at a rate of 0.5 mL/min with a buffered salt 
solution with or without NaOCl) (1 PmoliL). After 1 hr, the seg- 
ment was rinsed with saline, and the rate of Zn absorption was 
measured as described below. 

Rate of Zn absorption 

In both the chronic and acute model of inflammation, the rate of 
Zn absorption from the affected intestine was determined by mea- 
suring “Zn absorption from ligated segments as previously de- 
scribed.” The rate of absorption was measured 1 week after treat- 
ment with TNBS or saline in the chronic model and ~~iately 
after perfusion with NaOCl or saline in the acute model. Each 
guinea pig was anesthetized and the intestine exteriorized and 
cleansed as described earlier. The guinea pig was then placed on 
a warm heating pad to maintain surface temperature at approxi- 
mately 37°C. In the TNBS experiment, ligatures were placed 
around the intestine immediately distal to the affected intestinal 
segment and 10 cm proximal to the first ligature. In the NaOCl 
experiment, each end of the perfused segment immediately adja- 
cent to the cannulae was ligated. The isolated segment was then 
injected with 0.5 mL of saline containing 100 FmoliL of Zn as 
ZnSO, . 7H,O and 200 kBq of “Zn (Du Pont NEN, Wilmington, 
DE USA) and returned to the body cavity. After 30 min, the 
segment was excised and flushed with cold homogenization buffer 
(HEPES, 10 mmol/L, pH 8.0; NaCl, 154 mmol/L; phenylme~- 
ylsulfonyl fluoride, 0.2 mmollL; leupeptin, 0.6 mg/L; pepstatin A, 
0.9 mg/L) into a test tube to colIect quantitatively the 65Zn re- 
maining in rhe lumen. The 65Zn content of the luminal fluid and 
the excised intestinal segment was determined by gamma spec- 
troscopy using a Model 1272 Clinigamma (Pharmacia LKB, Gai- 
thersburg, MD USA) multichannel analyzer using background ad- 
justments corrected for individual detector efficiency. Due to the 
potential for intersample interference on this instrument, samples 
with high gamma activity (>3,000 cpm) were measured individ- 
ually. Uptake was calculated as the disappearance of 65Zn from the 
lumen, intestinal accumulation of luminal Zn as the amount of 
“Zn remaining in the tissue of the intestinat segment after flush- 
ing, and absorption by sub~acting intestinal accumulation from 
uptake. Isotope data were converted to molar ~oncen~ations based 
on the Zn content of the injected radioisotope solution and con- 
verted to rates based on the length of the absorption period. 

Molecular distribution of intracellular 6sZn 

After removing the luminal contents, the excised intestinal seg- 
ment was placed on a cold glass plate, slit longitudinally, and the 
mucosal layer removed from the underlying submucosa by gently 
scraping the luminal surface with a glass microscope slide. Ho- 
mogenates of intestinal mucosa were prepared I:3 (wtivol) with 
homogenization buffer using a Potter-Elvehjem glass-Teflon tissue 
grinder. After cen~fugation at 40,~g for 30 min at 4’C (Model 
RC2-B, Sorval, Newtown, CT USA), the su~rna~t fraction was 
removed and filtered (Millex-GS, 0.22 p,m, Milli~re, Bedford, 
MA USA). Intracellular Zn-binding constituents were separated 
by size exclusion HPLC using a 1 X 30 cm Superdex 75 column 
(Pharmacia, Piscataway, NJ USA) and eluted at 0.5 mL/min (ap- 
proximately 300 psi) with buffered saline (HEPES, 10 mmol/L, 
pH 8.0; NaCl, 154 mmol/L; NaN,, 0.2 g/L). The 65Zn content of 
the collected fraction (0.5 rnL) was determined by gamma spec- 
troscopy. The MT concentration of the intestinal mucosa of guinea 
pigs in the TNBS experiment was determined by ‘09Cd- 
hemoglobin affinity assay as previously described. 26*27 
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Table 1 Effect of intestinal inflammation on zinc absorption from guinea pig ileum 

Treatment 

Chronic model (n = 6) 
control 
TNBS 

Acute model (n = 5) 
control 
NaOCl 

Zn uptake 
(nmol) 

27.9 2 1.5 
21.6 ” 2.9 

23.0 k 1.6 
20.6 2 1.6 

Intestinal accumulation Rate of Zn 
of luminal Zn absorption 

(nmol) (pmol/min) 

22.7 k 1.7 346 t 57* 
19.4 f 2.5 153 2 42t 

19.4 ? 1.8 239 2 14* 
19.1 * 1.6 100 2 23T 

Molecular 65Zn distribution 

GRIP 
;; 6) 

27.3 2 1.9* 10.8 f 1.7* 
13.8 + 1.9T 4.3 * 0.5t 

26.6 5 4.2 8.8 f 0.6* 
17.6 2 2.6 5.1 * 0.8t 

Values are means 2 SEM. Chronic intestinal inflammation was produced by transmural injection of TNBS into the ileum 7 days prior to 
measurement of zinc absorption. Acute intestinal inflammation was produced by ileal perfusion with NaOCl for 1 hour prior to measurement 
of zinc absorption. Molecular 65Zn distribution was determined by size-exclusion HPLC and shows the proportion of radioisotope eluting in 
fractions containing MT or GRIP. 
*tFor each model, values in a column with different superscripts are significantly different, P < 0.05. 

Statistical analysis 

All data are expressed as the mean 2 SEM and were analyzed by 
unpaired t-test with significance determined at P < 0.05. Variance 
homogeneity was confirmed by variance ratio test prior to statis- 
tical analysis. 

Results 

TNBS ileitis (chronic model) 

The rate of Zn absorption from isolated guinea pig ileum 
was approximately 2-fold lower in the group treated 7 days 
earlier with TNBS to induce ileitis than in controls (Table 
1). Neither uptake nor intestinal accumulation of luminal Zn 
during the 30 min absorption period were significantly al- 
tered. The MT concentration of the distal ileum determined 
by Cd-hemoglobin affinity assay was similar in control (5.1 
? 0.6 p,g/g of intestine) and TNBS-treated (5.8 ‘-+ 0.1 pg/g 
of intestine) guinea pigs, suggesting that reduced absorption 
is not attributable to the inhibition of Zn transport via the 
induction of MT by chronic inflammation. This is supported 
by the observation that the proportion of intracellular 65Zn 
bound to MT was not elevated in the TNBS group (Figure 
I) as is typically observed when intestinal MT levels are 
high. In contrast, proportionally less 65Zn was bound to 
both MT and CRIP in the group treated with TNBS (Table 
1, Figure I) than in the control group, suggesting that 
chronic inflammation reduced the binding of luminal Zn by 
both proteins. Bowel wall thickening previously described 
in this chronic model of inflammation* was also observed. 

NaOCl ileitis (acute model) 

Results similar to those observed in the chronic model were 
also observed in the acute model. For example, the rate of 
Zn absorption from isolated guinea pig ileum immediately 
after perfusion with NaOCl was less than 50% of that ob- 
served in controls (Table I), while cumulative uptake and 
intestinal accumulation of luminal Zn were not significantly 
different. Mucosal MT concentration was not measured in 
the acute model because of the short time course of the 
experiment. As in the TNBS-treated group, the proportion 
of intracellular 65Zn bound to both MT and CRIP was de- 
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creased in guinea pigs treated with NaOCl to induce an 
acute inflammatory response (Table 1, Figure 2). Perfusion 
of the isolated intestinal segment with NaOCl resulted in the 
production of a highly viscous mucus that was not observed 
in control animals perfused with saline. 

TNBS 

4 
IO 20 30 

Elution volume4~mL) 
50 

Figure 1 Molecular distribution of 65Zn in homogenates of intesti- 
nal mucosa determined by size-exclusion HPLC: chronic model. 
Guinea pigs received a transmural injection of saline (A) or TNBS 
(B) into the terminal ileum. After 7 days in vivo isolated ileal seg- 
ments were injected intraluminally with 65Zn to measure Zn absorp- 
tion and label intracellular Zn-binding constituents. 
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Figure 2 Molecular distribution of ‘?Zn in homogenates of intesti- 
nal mucosa determined by size-exclusion HPLC: acute model. 
Guinea pig ileum was perfused with saline (A) or NaOCl(8) for 1 hr, 
after which the perfused segment was isolated and injected intralu- 
minally with 65Zn to measure Zn absorption and label intracellular 
Zn-binding constituents. 

Discussion 

Compared with controls, the rate of Zn absorption from the 
terminal ileum was more than 50% lower in guinea pig 
models of both chronic (TNBS) and acute (NaOCl) intesti- 
nal inflammation. A reduced rate of Zn transport indicates 
a reduced capacity to absorb ingested Zn, and thus a de- 
crease in dietary Zn bioavailability due to intrinsic factors 
that alter components of the Zn transport mechanism in this 
disease state. Because the concen~ation of intestinal MT 
was unchanged by inflammation, the decreased rate of Zn 
absorption cannot be attributed to competitive binding by 
this known inhibitor of Zn transport. Lack of elevated in- 
testinal MT in our animal models of ileitis agrees with data 
obtained from humans showing that the concentrations of 
both MT and SOD were lower in tissue obtained from intes- 
tinal resections in patients with Crohn’s disease or ulcer- 
ative colitis.28 

Although intestinal MT concen~ation was unch~ged, 
the low rate of Zn absorption from ligated intestinal seg- 
ments during inflammation was associated with decreased 

binding of luminal Zn to both MT and CRIP, putative com- 
ponents of the carrier-mediated Zn transport system. The 
similar relationship between the rate of Zn absorption and 
65Zn bound to CRIP in the soluble fraction of mucosal 
homogenates, i.e., both decreased during inflammation, 
adds to the circumstantial evidence that CRIP may have a 
functional role as a carrier in Zn transport. This relationship 
suggests a possible mechanism to explain the depressing 
effects of inflammato~ bowel disease on intestinal Zn 
tranSp0l-t. 

Inflammatory bowel disease is characterized by granu- 
locyte infiltration and activation and the exaggerated release 
of inflammatory mediators.29 Activated phagocytic cells 
(e.g., neutrophils and macrophages) produce toxic oxygen 
products like superoxide, hydrogen peroxide, and hy- 
pochlorous acid as part of the inflammatory response to 
invading microorganisms. Although toxic oxygen species 
derived from inflammatory cells are an important defense 
mechanism, the generation of free radicals and other reac- 
tive oxygen me~bolites can also directly or indirectly lead 
to tissue injury. Fliss3’ showed that oxidants produced by 
activated neutrophils, especially hypochlorous acid, can ox- 
idize methionine and cysteine residues in cellular proteins 
and suggested that the oxidation of protein sulfhydryl 
groups may constitute a primary cause of tissue injury at 
sites of inflammation. Since many proteins bind Zn via 
sulthydryl groups,3’ some of the adverse effects of inflam- 
mation may be mediated by the effects of oxidants on pro- 
tein-Zn interactions. 

In a series of experiments, Fliss and colleagues12-‘4 
demonstrated, in vitro, that physiological concentrations of 
reactive oxygen species, especially hypochlorous acid, can 
mobilize cellular Zn from MT and other Zn-binding pro- 
teins. These investigators used both cultures of arterial cells 
and heart tissue sections as well as purified proteins to show 
that the effect of the oxidants was specific to proteins that 
bind Zn via sulfhydryl groups. This observation is particu- 
larly relevant to the possible effects of inflammation on Zn 
absorption since both MT i5*i6 and GRIP” bind Zn via sulf- 
hydryl groups. Also, both guinea pig models of inflamma- 
tion used in the present experiments have been shown to 
result in the production of reactive o;{gen species; NaOCl 
forms hypochlorous acid in solution and superoxide and 
hydrogen peroxide are produced in TNBS-treated ani- 
mals. This suggests that oxidants produced in the intestine 
by granulocyte infiltration during an inflammatory response 
may decrease the binding of luminal Zn to CRIP and 
thereby reduce Zn abso~tion. Decreased binding of Zn to 
MT may reflect the proposed free radical scavenging prop- 
erties of the protein. l5 

Although our data support previous observations or sug- 
gestions of cJe$ressed Zn absorption during intestinal in- 
flammation, it should be emphasized that other factors 
unrelated to oxidant interactions with CRIP or MT could be 
responsible for the observed changes in Zn absorption. For 
example, kinetic studies have indicated that Zn is absorbed 
by both carrier-mediated and passive diffusion pathways,32 
possibly representing transcellular and p~acellul~ routes. 
Without kinetic data (i.e., measuring abso~tion at many 
different luminal Zn concentrations) it is impossible to de- 
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termine which pathway is affected in the inflammed guinea 
pig intestine. Since the TNBS model of chronic ileitis is 
characterized by hemorrhage and thickening of the intesti- 
nal wall, mucosal leakage of protein and nitrite, and devel- 
opment of a prosecretory condition,23 some effects on pas- 
sive Zn diffusion may be expected. Similarly, intestinal 
perfusion with NaOCl in the present study resulted in the 
obvious production of a highly viscous mucus secretion. 
Although no evidence of decreased uptake or accumulation 
of luminal 65Zn in the mucosal cytosol was apparent in these 
studies, changes in gut morphology or secretory state may 
alter Zn absorption from inflamed guinea pig intestine in a 
manner unrelated to changes in Zn-binding by CRIP or MT. 

It is also important to remember that evidence of a role 
for CRIP in carrier-mediated intestinal Zn transport remains 
largely circumstantial. CRIP gene expression is most3grev- 
alent in the small intestine and in mature villus cells, and 
the protein is not detected in liver or pancreas.16 This sug- 
gests a specific role for CRIP in nutrient absorption or in- 
testinal metabolism. Induction of intestinal MT by high di- 
etary Zn intake inhibits both the rate of Zn absorption and 
Zn-binding to CRIP in mucosal homogenates, l1 indicative 
of an antagonistic relationship between MT and CRIP in Zn 
transport. Kinetic studies 32,34q35 have shown that Zn is ab- 
sorbed by both passive and carrier-mediated mechanisms 
and that the carrier-mediated component is up-regulated 
during short-term Zn deficiency. The binding of luminal Zn 
to GRIP determined by size-exclusion HPLC shows satura- 
tion at higher luminal Zn concentrations” and is therefore 
consistent with a carrier function. Although CRIP gene ex- 
pression is not affected by short-term Zn deprivation,36 MT 
gene expression is down-regulated by low Zn intake. 11*36 
This indicates that carrier-mediated Zn transport may be 
homeostatically regulated through the effects of Zn status 
on MT rather than CRIP. Collectively, these data suggest 
antagonistic roles for CRIP and MT as carrier and inhibitor, 
respectively, in transcellular Zn transport. The depressing ef- 
fect of inflammation on Zn transport and Zn binding to CRIP 
in the present study is consistent with the proposed model. 

In summary, these experiments provide further evidence 
that intestinal inflammation reduces Zn absorption. More- 
over, the data suggest that the mode of action may be me- 
diated by the interaction between reactive oxygen species 
produced as part of the inflammatory response and intestinal 
Zn-binding proteins with proposed roles in carrier-mediated 
Zn transport. These in vivo results support in vitro re- 
pOd2-’ that oxidants alter the interactions between Zn 
and proteins that bind Zn via sulfhydryl groups. Many pro- 
teins bind Zn in this manner, including DNA transcription 
factors (e.g., zinc-finger 

f 
roteins), protein kinase C, and 

alcohol dehydrogenase. 3 ” 7 This suggests that many of the 
adverse effects of inflammation, or beneficial effects like 
feedback regulation of inflammatory processes, could be 
mediated by similar interactions between oxidants and Zn- 
binding proteins. 
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