
Research article

260 The Journal of Clinical Investigation   http://www.jci.org   Volume 114   Number 2   July 2004

Apolipoprotein A-IV inhibits  
experimental colitis

Thorsten Vowinkel,1,2 Mikiji Mori,1 Christian F. Krieglstein,2 Janice Russell,1  
Fumito Saijo,3 Sulaiman Bharwani,4 Richard H. Turnage,3 W. Sean Davidson,5  

Patrick Tso,5 D. Neil Granger,1 and Theodore J. Kalogeris1,3

1Department of Molecular and Cellular Physiology, Louisiana State University Health Sciences Center, Shreveport, Louisiana, USA.  
2Department of General Surgery, Westfälische Wilhelms-Universität Münster, Munster, Germany. 3Department of Surgery and  

4Department of Pediatrics, Louisiana State University Health Sciences Center, Shreveport, Louisiana, USA.  
5Department of Pathology and Laboratory Medicine, College of Medicine, University of Cincinnati, Cincinnati, Ohio, USA.

The antiatherogenic properties of apoA-IV suggest that this protein may act as an anti-inflammatory agent. 
We examined this possibility in a mouse model of acute colitis. Mice consumed 3% dextran sulfate sodium 
(DSS) in their drinking water for 7 days, with or without daily intraperitoneal injections of recombinant 
human apoA-IV. apoA-IV significantly and specifically delayed the onset, and reduced the severity and extent 
of, DSS-induced inflammation, as assessed by clinical disease activity score, macroscopic appearance and 
histology of the colon, and tissue myeloperoxidase activity. Intravital fluorescence microscopy of colonic 
microvasculature revealed that apoA-IV significantly inhibited DSS-induced leukocyte and platelet adhe-
sive interactions. Furthermore, apoA-IV dramatically reduced the upregulation of P-selectin on colonic 
endothelium during DSS-colitis. apoA-IV knockout mice exhibited a significantly greater inflammatory 
response to DSS than did their WT littermates; this greater susceptibility to DSS-induced inflammation was 
reversed upon exogenous administration of apoA-IV to knockout mice. These results provide the first direct 
support for the hypothesis that apoA-IV is an endogenous anti-inflammatory protein. This anti-inflammato-
ry effect likely involves the inhibition of P-selectin–mediated leukocyte and platelet adhesive interactions.

Introduction
apoA-IV was described over 25 years ago as a component of intes-
tine-derived, triglyceride-rich lipoproteins (1). It is expressed 
in the small intestine, and its synthesis and secretion increase 
in response to a fatty meal (2–4). apoA-IV is secreted on lymph 
chylomicrons. During subsequent plasma passage and metabolism 
of chylomicrons, about 25% of apoA-IV is transferred to HDL. The 
remaining 75% is found in the lipoprotein-free fraction of plasma 
(5, 6). apoA-IV has several proposed roles, including lipid trans-
port, lipoprotein metabolism (7–11), and control of food intake 
(12, 13) and gastric function (14). Most recently, apoA-IV has been 
shown to be antiatherogenic (15–18), and there is also evidence 
supporting apoA-IV antioxidant activity (18–20).

Two mechanisms have been suggested for apoA-IV’s antiath-
erogenic action: enhancement of cellular lipid efflux (i.e., “reverse 
cholesterol transport”) (17, 21) and antioxidant activity (18–20). 
Another possible explanation is that apoA-IV is an anti-inflam-
matory protein. This is consistent with its antioxidant activity and 
is reasonable in view of (a) recognition that atherosclerosis is an 
inflammatory disorder of the vasculature (22), and (b) the wide-
spread experimental efficacy of antioxidants in models of inflam-
matory disease (23). This hypothesis predicts that apoA-IV should 
be protective in other models of inflammation, but this possibil-
ity has not yet been examined. Similarly, while overexpression of 
apoA-IV in transgenic mice has been shown to protect against  

atherosclerosis (15–18), it is unknown whether apoA-IV deficiency 
promotes the opposite effect — greater susceptibility to disease.

The inflammatory bowel diseases (IBDs) are a set of disorders 
characterized clinically by severe diarrhea, weight loss, rectal bleed-
ing, and abdominal pain. Affected regions of the colon and/or 
ileum show infiltration of leukocytes and lymphocytes, mucosal 
hyperplasia, interstitial edema, and mucosal ulcerations. Numerous 
experimental models for IBD have been described, with the most 
common models involving induction of the disease through the 
administration of toxic chemicals, such as acids, polysaccharides, 
or immune complexes (24–28). These agents reproduce many of the 
clinical, morphological, and pathophysiological symptoms of IBD.

Dextran sulfate sodium (DSS) is a heparin-like polysaccha-
ride containing up to three sulfate groups per glucose molecule. 
Administered orally, it has been successfully used to induce both 
acute and chronic colitis in mice (24–28). DSS-induced colitis 
exhibits several characteristics resembling human ulcerative colitis, 
including weight loss, severe diarrhea and rectal bleeding, super-
ficial ulceration, mucosal damage, production of cytokines, and 
leukocyte infiltration (24–28). This model has thus proved useful 
for examining fundamental mechanisms underlying the inflam-
matory pathophysiology associated with IBD, as well as screening 
potential therapeutic interventions.

In this study, we assessed the anti-inflammatory properties of 
apoA-IV in the DSS model of murine colitis by (a) examining the 
intensity of the inflammatory response and disease severity after 
exogenous administration of apoA-IV, and (b) testing whether 
endogenous apoA-IV has a protective role against DSS-induced 
disease in apoA-IV knockout mice. Our findings reveal a pro-
found protective effect of apoA-IV and provide the first direct 
support for the hypothesis that apoA-IV is an endogenous anti-
inflammatory protein.
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Results
Effect of exogenous administration of recombinant human apoA-IV on serum 
apoA-IV. Western blot analysis performed at the conclusion of the 
7-day experimental period showed a three- to fourfold elevation 
in serum apoA-IV in mice receiving recombinant human apoA-IV  
(rhA-IV) injections, compared with uninjected controls (Figure 1A).

Clinical indices of inflammation. All animals survived until sacrificed 
on day 6 (i.e., after 7 days of treatment). Each DSS-treated animal 
exceeded the previously established critical DSS load of 30 mg DSS/g 
body wt (29) without statistical difference between study groups (Fig-
ure 2). Control mice receiving water showed no clinical signs (diar-
rhea, fecal occult blood, perianal bleeding, rectal prolapse, weight 
loss) of spontaneous intestinal inflammation (Table 1 and Figure 
3). Beginning on day 4, all mice treated with DSS showed signifi-
cant differences in body weight compared with control mice; this was 
most prominent on day 6 (Table 1). Treatment with DSS produced 
experimental colitis as assessed by disease activity index (DAI, Figure 
3) and by the shortened but heavier large bowel compared with con-
trol mice. No protective effect as measured by DAI was produced by 
PBS, BSA, or recombinant human apoA-I (rhA-I). Administration of 
rhA-IV (0.5 mg/d) significantly reduced the severity of DSS-induced 
colitis as assessed by colon weight-to-length ratio, body weight loss, 

and DAI as compared with the disease-active groups (DSS, DSS 
+ PBS, DSS + BSA, and DSS + rhA-I). The lower dose of rhA-IV  
(0.25 mg/d) also produced significant reduction of all clinical and 
macroscopic inflammatory indices except for colon length.

Histology. Blinded histological injury scoring was quantified in 
the distal colon after 7 days of treatment. Control animals showed 
no signs of inflammation (see Figure 5A). In contrast, in mice 
receiving DSS, DSS + PBS, DSS + BSA, or DSS + rhA-I, the severity 
of colitis assessed by overall score as well as specific parameters 
(inflammation, extent, and crypt damage; see Methods for param-
eter values and scores) was significantly higher than that in con-
trols (Figure 4). Inflammation was mainly confined to the mucosa 
with loss of goblet cells, crypt damage, mucosal ulceration, and 
accompanying submucosal edema (Figure 5B). Treatment of DSS-
fed animals with rhA-IV (0.5 mg/d) produced significant reduc-
tion of experimental colitis (Figure 5C) with a reduced total score 
and its specific parameters compared with DSS alone, DSS + PBS,  
DSS + BSA, and DSS + rhA-I. DSS + rhA-IV at 0.25 mg/d reduced 
the inflammatory score only as compared with the DSS + BSA 
group. The lower dose of rhA-IV allowed inflammatory cells to 
infiltrate submucosally (Figure 5D). These observations correlate 
well with the clinical and macroscopic findings (Table 1, Figure 3); 
moreover, they showed a tendency toward rhA-IV dose–dependent 
protection (though this did not reach statistical significance).

Lamina propria leukocytes. Quantitation of lamina propria leu-
kocytes further confirmed rhA-IV’s inhibitory effect on DSS-
induced leukocyte recruitment. Examination of histological 

Figure 1
Western blot analysis of circulating apoA-IV. Serum samples were 
obtained at the conclusion of the 7-day experimental period, about 24 
hours after the last intraperitoneal injection of rhA-IV. Serum samples 
were subjected to SDS-PAGE on 10% gels, transferred to nitrocel-
lulose, then probed using an affinity-purified rabbit anti–rhA-IV anti-
body, followed by HRP-coupled goat anti-rabbit IgG antibody. (A) 
Effect of rhA-IV injection on serum apoA-IV in C57BL/6 mice from 
series I experiments. (B) Serum apoA-IV in an ApoA-IV–/– mouse with 
or without exogenous administration of rhA-IV, compared with serum 
apoA-IV in a WT littermate.

Figure 2
DSS load for all DSS-treated mice in each experimental series was 
calculated as described in Methods. In each group the critical DSS 
load of 30 mg DSS per g body wt (dotted line) was met without statisti-
cal difference between study groups. NS, not significant.
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sections revealed 0 ± 0 neutrophils in lamina propria of con-
trol mice, 7.0 ± 2.2 neutrophils in DSS-treated mice, and 0 ± 0 
neutrophils in mice cotreated with DSS and rhA-IV.

Tissue myeloperoxidase activity. Treatment with DSS, DSS + PBS, 
DSS + BSA, and DSS + rhA-I all produced significant increases in 
myeloperoxidase (MPO) activity compared with controls receiv-
ing water alone (Figure 6). MPO activity correlated closely with 
clinical, macroscopic, and histological grading of inflammation 
in the experimental groups. DSS-induced colonic MPO activity 
was decreased by at least 90% in response to rhA-IV at 0.5 mg/d, 
compared with DSS, DSS + PBS, DSS + BSA, and DSS + rhA-I. 
The lower dose of rhA-IV (0.25 mg/d) also produced significant 
attenuation (by at least 50%) of MPO activity compared with 
DSS + BSA treatment. These results strongly suggest inhibition 
of leukocyte recruitment as a potential mechanism for the pro-
tective effects of rhA-IV. There was a strong, though not sta-
tistically significant, tendency toward rhA-IV dose–dependent 
inhibition of leukocyte recruitment.

Intravital microscopy experiments. Daily administration of rhA-IV  
in DSS-treated animals significantly reduced the number of 
adherent platelets and leukocytes in postcapillary venules (Fig-
ure 7, A and B). Compared with venules of control mice, venules 
of DSS-colitic mice exhibited profound increases in the numbers 
of adherent platelets and leukocytes. A minority (2.4%) of plate-
lets was bound only to the endothelium; the majority (97.6%) was 
adherent to the endothelium via leukocytes (Figure 7A). With 
regard to leukocyte adhesion, 42.5% of adherent leukocytes were 
platelet-free, and 57.5% were platelet-bearing (Figure 7B). Treat-
ment of DSS-colitic mice with rhA-IV significantly reduced the 
number of adherent platelets by decreasing platelet-leukocyte 
binding to the endothelium (Figure 7A). Adhesion of both plate-
let-free leukocytes and platelet-bearing leukocytes was signifi-
cantly reduced in rhA-IV–treated mice.

P-selectin expression. Significant accumulation of 125I mAb RB40.34 
(anti–P-selectin mAb) was observed in the entire colon of DSS-
treated mice, both in its proximal and distal portions, compared 
with control mice (Figure 8). Administration of rhA-IV produced 
a significant reduction of DSS-induced P-selectin expression, sug-
gesting modulation of P-selectin expression as a mechanism where-
by rhA-IV exerts its protection against intestinal inflammation.

Effect of DSS in ApoA-IV–/– mice. In the third series of experiments, 
we first examined the effect of DSS on ApoA-IV–/– mice in com-
parison with their WT littermates, to determine whether they had 
greater sensitivity to DSS-induced inflammation, and if so, to then 
determine whether such hypersensitivity could be reversed by exog-
enous rhA-IV. In contrast to their WT littermates, the ApoA-IV–/–  
mice showed a complete absence of circulating apoA-IV; this was 
remedied by exogenous administration of rhA-IV (Figure 1B).

Control mice showed no signs of inflammation (see Figure 11A). 
WT littermates treated with DSS showed increased DAI, loss of body 
weight, increased colon weight-to-length ratio, and a significantly 
shortened colon compared with controls (Table 2 and Figure 9). The 
WT mice also had higher histology scores than control animals had 
(Figure 10), although this was not statistically significant, and H&E 
staining showed only mild inflammation (Figure 11B).

Clinical and histological findings as well as MPO activity showed 
significantly more severe inflammation in DSS-treated knockout 
mice than in DSS-treated WT littermates (Table 2, Figures 9–12).

Daily administration of rhA-IV significantly attenuated all 
measures of DSS-induced disease in ApoA-IV–/– animals (Table 
2, Figures 9–12).

Discussion
Our objective was to examine the hypothesis that apoA-IV is anti-
inflammatory, using the DSS-colitic mouse, a well-established 
model of acute colonic inflammation (24–28). We sought answers 
to the following specific questions: (a) What is the effect of exo-
genous administration of apoA-IV on DSS-induced inflammation? 
(b) What is the effect of exogenously administered apoA-IV on DSS-
induced platelet and leukocyte adhesive interactions in the colonic 
microvasculature? (c) Are animals lacking apoA-IV more sensitive 
to DSS-induced inflammation and injury, and if so, (d) can such 
sensitivity be reversed by exogenous administration of apoA-IV?  

Table 1
Clinical indices of inflammation

 Body weight  Colon length  Colon  
 change at (cm) weight/length  
 day 6 (%)  (mg/cm)
Water 102.1 ± 2.0 6.8 ± 0.2 30.2 ± 2.5
DSS 81.8 ± 2.6A 4.7 ± 0.5A 46 ± 3.1A

DSS + PBS 87.2 ± 1.3A 5.0 ± 0.2A 42.1 ± 6.8A

DSS +  99.1 ± 2.6B,C,D,E 5.8 ± 0.4A,B,D,E 29.6 ± 3.1B,C,D,E 

 rhA-IV 0.5mg
DSS +  100.3 ± 2.8B,C,D,E 5.5 ± 0.5A 30.6 ± 4.4B,C,D,E 

 rhA-IV 0.25 mg
DSS + BSA 84.5 ± 4.0A 4.7 ± 0.5A 42.8 ± 0.3A

DSS + rhA-I 87.8 ± 3.6A,B 4.7 ± 0.4A 50.2 ± 5.2A

Percent indicates body weight change at day 6 compared with  
day 0. AP < 0.05 vs. water, BP < 0.05 vs. DSS, CP < 0.05 vs.  
DSS + PBS, DP < 0.05 vs. DSS + BSA, EP < 0.05 vs. DSS + rhA-I. 
Data are mean ± SE.

Figure 3
Changes in DAI over 7 days of treatment with water (control), DSS, DSS 
+ PBS, DSS + 0.5 mg or 0.25 mg rhA-IV, DSS + BSA, or DSS + rhA-I 
(mean ± SE). *P < 0.05 vs. DSS, #P < 0.05 vs. DSS + PBS, †P < 0.05 vs. 
DSS + BSA, §P < 0.05 vs. DSS + rhA-I. ip, intraperitoneal; po, per os.
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Our results reveal, we believe for the first time, a profound and 
specific anti-inflammatory action of exogenous apoA-IV in 
the DSS-colitic mouse, associated with a modulatory effect on 
leukocyte and platelet adhesive interactions and an inhibitory 
action on endothelial cell P-selectin expression in the colonic 
microvasculature. We also demonstrate a novel role for endogenous 
apoA-IV as an anti-inflammatory protein.

Although it has been proposed (18–20) that apoA-IV–associ-
ated antioxidant activity could underlie its antiatherogenic effects 
(15–18), how such activity might be linked to apoA-IV–medi-
ated protection has not previously been addressed. One possibil-
ity would be if apoA-IV’s antiatherogenic action constituted one 
instance of a general anti-inflammatory role for this protein. The 
relationship between oxidant stress and inflammatory processes 
(e.g., microvascular recruitment of leukocytes) is well-established 
(23), and may be a mechanistic link between apoA-IV’s antioxidant 
activity and its ability to protect. With regard to apoA-IV, this is a 
novel hypothesis; if true, it predicts that apoA-IV should be protec-
tive in other experimental models of inflammation. These consid-
erations provided the rationale for the present study.

DSS-induced colitis is a commonly used model for the inflamma-
tory component of IBD. Induction of disease is rapid, and clinical 
and histological measures of disease activity closely resemble those 
seen in human ulcerative colitis. Although the pathogenesis of 
DSS-mediated colitis is incompletely understood, DSS is thought 
to induce mucosal injury and inflammation initially through a 
direct toxic effect on epithelial cells, with subsequent recruitment 
and activation of inflammatory cells and upregulation of inflam-
matory mediators, leading to the development of severe colitis (30). 

Recently, the particular roles of oxidant stress (31) and leukocyte 
adhesion (32) in DSS-colitis were demonstrated. In our study, all 
indices of DSS-induced inflammatory disease were significantly 
ameliorated by treatment with apoA-IV but not apoA-I; apoA-IV  
knockout mice were more susceptible to the colitis-inducing 
effects of DSS; and the greater sensitivity of the knockout mice 
to DSS was reversed upon exogenous administration of apoA-IV. 
Finally, apoA-IV reversed DSS-induced leukocyte recruitment 
and P-selectin expression in the colonic microvasculature. These 
results demonstrate that apoA-IV exerts an anti-inflammatory 
action in the DSS-colitic mouse.

Previously we reported a correlation between the ingested DSS 
load and the severity of colonic inflammation in DSS-induced coli-
tis (29). A critical DSS load exceeding 30 mg/g body wt is required 
to achieve comparable severity of inflammation. Once this critical 
load is met, further increases in DSS-supplemented fluid intake 
do not alter the severity of the inflammatory response. Monitoring 
DSS load is particularly crucial when the investigated agent poten-
tially alters food and/or water consumption (33–35). Since an 
inhibitory effect of apoA-IV on feeding behavior has been reported 
(12, 13), it was important to rule out the possibility that any pro-
tective effect of apoA-IV was not secondary to an effect on water 
ingestion (i.e., limiting ingested DSS load to a non–injury-produc-
ing dose). Any animal that did not meet the aforementioned mini-
mum load criterion was discarded from the analysis. Each group 
reported here consistently showed DSS loads exceeding 30 mg/g 
body wt, and thus our results reflect apoA-IV–mediated protection 
that is independent of ingested DSS load.

apoA-IV significantly reduced the severity of DSS-induced colon-
ic injury as assessed by DAI. By the end of the 7-day experimental 
period, body weights in the two apoA-IV–treated groups (0.25 and 
0.5 mg/d) were not significantly different from the control group 

Figure 4
Blinded histological assessment of colitis in mice given water (con-
trol), DSS, DSS + PBS, DSS + BSA, DSS + rhA-I, or DSS + rhA-IV 
(0.5 mg or 0.25 mg). Total histological score was derived from the 
severity and extent of total inflammation and crypt damage. Three 
sections per mouse were analyzed (mean ± SE). ‡P < 0.05 vs. water, 
*P < 0.05 vs. DSS, #P < 0.05 vs. DSS + PBS, †P < 0.05 vs. DSS + 
BSA, §P < 0.05 vs. DSS + rhA-I.

Figure 5
Histology (H&E staining; magnification, ×100) of colonic samples taken 
from mice receiving either water (control), DSS, DSS + 0.5 mg rhA-IV, 
or DSS + 0.25 mg rhA-IV. Compared with that of control animals (A), 
colon of DSS-treated mice (B) shows complete destruction of epithelial 
architecture (arrowheads), with nearly complete loss of crypts, loss of 
epithelial integrity, edema (asterisk), and intense cellular inflamma-
tion in all layers (arrows). Treatment with 0.25 mg rhA-IV attenuated 
morphological damage but showed mild cellular infiltrate (D, arrow), 
whereas epithelial architecture was preserved in animals receiving the 
higher dose of 0.5 mg rhA-IV (C).
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receiving water alone, and the DAI in the mice treated with DSS + 
rhA-IV was half that of those receiving DSS alone. This effect was 
apoA-IV–specific, since administration of neither BSA nor rhA-I at 
equimolar doses conferred protection.

Two more-specific indices of inflammation, colon weight-to-
length ratio and tissue histology, both confirmed the significant 
and specific protective effect of apoA-IV. The latter showed a trend 
toward an apoA-IV dose response 
in all histological indices of inflam-
mation. This protective trend was 
also evident in measurements of 
MPO activity in colonic tissue, and 
at 0.5 mg/d, apoA-IV completely 
prevented a DSS-induced increase 
in colonic MPO activity, demon-
strating apoA-IV–mediated inter-
ference with the recruitment of 
leukocytes to the site of inflamma-
tion. Our intravital studies provide 
separate, direct confirmation of an 
inhibitory effect of apoA-IV treat-
ment on neutrophil adhesion to 
colonic endothelium and on plate-
let adhesive interactions. The dual 
radiolabeled antibody experiments 
suggest that apoA-IV’s protective 
effects are exerted by inhibiting  
P-selectin expression.

It has been demonstrated that 
neutrophil accumulation plays an 
important role in DSS-induced 

colitis, since the disease can be attenuated when anti-neutrophil 
serum is administered (36). Tissue accumulation of circulating 
leukocytes is mediated by a coordinated expression of specific 
adhesion molecules on the surface of endothelial cells and leu-
kocytes, regulating the interactions between these cells in the 
microcirculation and allowing leukocytes to roll, firmly adhere, 
and emigrate (37, 38). P-selectin appears to be a particularly criti-
cal adhesion molecule that is dramatically upregulated in the 
inflamed tissue of patients with IBD (39). In animal studies of 
experimental colitis, blockage of P-selectin significantly decreases 
leukocyte rolling and adhesion in colonic venules and attenuates 
disease activity (32, 40). Here, we report that apoA-IV inhibits leu-
kocyte recruitment into the inflamed tissue and correspondingly 
inhibits P-selectin expression, suggesting that the attenuating 
effect of apoA-IV on leukocyte recruitment results from an action 
of the lipoprotein on endothelial cell P-selectin expression.

There are several lines of evidence supporting an intimate con-
nection between the hemostatic and inflammatory system (i.e., 
between platelets and leukocytes) and a role for platelets in modu-
lating acute and chronic inflammatory responses. Intravascular 
platelet aggregates have been identified in mucosal biopsies of 
patients with ulcerative colitis, and there is an increase in circu-
lating platelet aggregates in the mesenteric venous circulation 
draining the inflamed bowel in ulcerative colitis (41). These find-
ings are consistent with (a) elevated platelet counts in human 
IBD, (b) use of thrombocytosis as a marker of disease activity, 
and (c) occurrence of mucosal microinfarctions and an increased 
risk of systemic thromboembolism in patients with IBD (42–44). 
Platelets are recognized as active contributors to human mucosal 
inflammation and IBD pathogenesis (45). However, there has 
been little experimental work in animal models addressing the 
role of platelets in intestinal inflammation. Similarly, little is 
known of platelet-leukocyte interactions in IBD. Here, we used 
intravital fluorescence microscopy to simultaneously visualize 
platelets and leukocytes in experimental colitis. In DSS-treated 
animals, platelet adhesion was mainly mediated by leukocytes, 

Figure 6
MPO activity in colonic tissue of water-treated control mice, animals 
receiving DSS, DSS + PBS, DSS + rhA-IV (0.5 mg or 0.25 mg), DSS 
+ BSA, or DSS + rhA-I, after 7 days. Tissue MPO was measured as 
described in Methods (mean ± SE). ‡P < 0.05 vs. water, *P < 0.05 vs. 
DSS, #P < 0.05 vs. DSS + PBS, †P < 0.05 vs. DSS + BSA, §P < 0.05 
vs. DSS + rhA-I.

Figure 7
Total adhesion of platelets (A) and leukocytes (B) in postcapillary colonic venules after 7 days of water 
(control), DSS, or DSS + 0.5 mg rhA-IV. Mice were infused with fluorescently labeled WT (C57BL/6J) 
platelets and rhodamine 6G to simultaneously visualize leukocytes. (A) Gray bars: number of platelets/
mm2 adhering directly to the vessel wall. White bars: number of platelets adhering to leukocytes/mm2. 
(B) Gray bars: number of platelet-free leukocytes/mm2. White bars: number of platelet-bearing leuko-
cytes/mm2. *‡P < 0.05 relative to control, #†P < 0.05 relative to DSS. 



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 114   Number 2   July 2004 265

since the majority of platelet adhesion was seen in the context of 
platelet-leukocyte aggregates. Treatment of DSS-colitic mice with 
apoA-IV resulted in significant inhibition of platelet-leukocyte 
aggregate formation in addition to decreasing the adhesion of 
platelet-free and platelet-bearing leukocytes to the endothelium. 
These findings indicate that apoA-IV modulates both the recruit-
ment of leukocytes and the crosstalk between platelets and leuko-
cytes — again, possibly by inhibiting P-selectin expression.

Previous studies in other models have demonstrated anti-inflam-
matory effects of HDL or reconstituted HDL particles contain-
ing apoA-I (46–48). Although apoA-IV can associate with HDL, 
a specific anti-inflammatory role for HDL-associated apoA-IV  
has never been examined. Most apoA-IV is present in the lipo-
protein-free fraction of plasma (5, 6), and the physiological role 
of this pool of apoA-IV has never been investigated. Since apoA-I 
is the major apolipoprotein of the HDL complex, the protective 
effects of HDL have been ascribed to apoA-I (46–48). Our find-
ing of a protective effect of apoA-IV, but not purified apoA-I, is 
not specific to the DSS-colitis model, since purified, free apoA-I 
is also ineffective in blocking oxidant-induced barrier dysfunction 
in endothelial cells (49) and redox-dependent apoptosis in PC12 
cells (50). Thus, it is possible that in order to be protective, apoA-I 
protein must be delivered on an HDL or HDL-like particle. If this 
is true, our results demonstrate that apoA-IV–mediated protec-
tion does not have a similar requirement.

Although previous transgenic studies have clearly demonstrated 
the antiatherogenic effect of overexpression of apoA-IV (15–18), 
the potential protective role of endogenous apoA-IV has not been 
previously examined. The single previous apoA-IV knockout study 
(51) examined factors relevant to lipid absorption, plasma lipid/
lipoprotein metabolism, and feeding behavior, but did not explore 
a possible protective effect of apoA-IV on atherosclerosis or other 
inflammatory disease. In an attempt to evaluate the physiological 
importance of apoA-IV as an anti-inflammatory protein, we exam-
ined the response of ApoA-IV–/– mice to DSS. We found that com-
pared with their WT littermates, knockout animals were signifi-

cantly more sensitive to the inflammatory effects of DSS. To test 
the specificity of the knockout effect, we then examined whether 
the ApoA-IV–/– mice could be “rescued” by exogenous administra-
tion of apoA-IV. Since exogenous apoA-IV had a protective effect 
on knockout animals, our results clearly demonstrate that greater 
sensitivity of ApoA-IV–/– mice to DSS-induced colonic inflamma-
tion is due to specific deficiency of apoA-IV.

In summary, the present studies, conducted in a murine model 
of DSS-colitis, provide the first direct evidence in support of a 
novel action for apoA-IV as an anti-inflammatory protein. This 
action may be explained by an inhibitory effect of apoA-IV on  
P-selectin expression that modulates leukocyte and platelet adhe-
sive interactions. We further show that this anti-inflammatory 
activity may be a novel physiological role for endogenous apoA-IV.  
We propose that apoA-IV’s previously documented antiathero-
genic effects may represent a particular case of apoA-IV–mediat-
ed anti-inflammatory activity. The precise relationship between 
apoA-IV’s presumed antioxidant activity and the protective effects 
reported here is not yet defined; however, preliminary cell culture 
studies in our laboratory support a direct modulatory effect of 
apoA-IV upon oxidant-induced, intracellular redox–dependent 
cell signaling mechanisms (50). The hypothesis that apoA-IV’s 
anti-inflammatory effects in vivo in addition to inhibition of  
P-selectin expression could also be mediated through such a mech-
anism is the subject of ongoing investigation in our laboratory.

Methods
Animals. Male C57BL/6J mice were purchased from The Jackson 
Laboratory (Bar Harbor, Maine, USA). Male ApoA-IV–/– (51) animals 
were originally obtained from J.L. Breslow and were backcrossed 
onto the parent C57BL/6J strain for eight generations. Animals were 
maintained on a 12-hour light/12-hour dark cycle under patho-
gen-free conditions. The mice had ad libitum access to a standard 
diet and water until reaching the desired age (8–10 weeks) and/or 
weight (20–25 g). All procedures using animals were reviewed and 
approved by the Institutional Animal Care and Use Committee of 
Louisiana State University Health Sciences Center and were per-
formed according to the criteria outlined by the NIH.

Recombinant human apoA-IV. We produced rhA-IV using the 
apoA-IV expression vector pL2102-hA-IV, modified from pL1867-
hA-IV, which was previously described by Duverger et al. (52). 
This construct encodes the full-length protein–coding portion 
of the apoA-IV gene, with a 6X-histidine tag to facilitate purifi-
cation. rhA-IV from this construct was previously demonstrat-

Figure 8
Changes in endothelial P-selectin expression in the proximal and 
distal colon and as a sum in the entire colon of control mice (water 
po), DSS-treated mice, and DSS-treated mice also receiving rhA-IV 
(mean ± SE). ‡P < 0.05 vs. water, *P < 0.05 vs. DSS.

Table 2
Clinical indices of inflammation in ApoA-IV–/– animals treated 
with DSS and rhA-IV

 Body weight  Colon length  Colon  
 change at (cm) weight/length  
 day 6 (%)  (mg/cm)
WT + water 102.1 ± 2.1 6.8 ± 0.5 36.1 ± 1
WT + DSS 96.5 ± 4.7 5.3 ± 0.5A 41 ± 3.8
ApoA-IV–/– + DSS 89.1 ± 3.6A,B 4.8 ± 0.2A 43.9 ± 2A

ApoA-IV–/– + DSS + rhA-IV 99 ± 3.2C 5.9 ± 0.4A,C 34.5 ± 3.9B,C

Percent indicates body weight change at day 6 compared with day 0.  
AP < 0.05 vs. WT treated with water; BP < 0.05 vs. WT treated with DSS; 
CP < 0.05 vs. ApoA-IV–/– treated with DSS. Data are mean ± SE. 
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ed to be physicochemically and functionally similar to native 
human apoA-IV purified from plasma (52). rhA-IV was produced 
in BL21(DE3)pLysS competent cells (Promega Corp., Madison, 
Wisconsin, USA) after transformation with pL2102-hA-IV. After 
overnight culture, cells were diluted 1:4 with fresh media and 
allowed to grow to an OD610 of 0.5, then induced for 2 hours with 
1 mM isopropyl β-D-thiogalactoside. Cells were harvested and 
washed, then lysed in 20 mM PBS (19.7 mM NaH2PO4, 0.26 mM 
Na2HPO4, and 500 mM NaCl, pH 7.8) by freeze-thawing followed 
by sonication. Bacterial lysates were incubated in batchwise fash-
ion with Ni2+-charged agarose resin (Pro-Bond; Invitrogen Corp., 
Carlsbad, California, USA), then poured into an 18 cm × 2 cm 
column. The column was washed extensively with 20 mM PBS, 
followed by 20 mM PBS plus 40 mM imidazole; completeness of 
washing was monitored by continuous measurement of OD280 and 
by SDS-PAGE on selected fractions. rhA-IV was eluted from the 
column free of contaminating bacterial proteins using 20 mM PBS 
plus 150 mM imidazole. Eluted rhA-IV was dialyzed exhaustively 
against PBS (pH 7.4), concentrated against PEG 8000, filter-ster-
ilized, and then stored in small aliquots at –80°C until needed. 
Freshly thawed rhA-IV was used for all experiments.

rhA-I. rhA-I was produced as previously described (53), 
lyophilized, and dissolved in PBS injection vehicle immediately 
prior to administration. The injected molar dose of rhA-I (0.31 
mg/d) was equivalent to rhA-IV at 0.5 mg/d.

Induction of colitis. Mice were administered 3% DSS (mol wt, 40 
kDa; ICN Biomedicals, Aurora, Ohio, USA) dissolved in water 
that was filter-purified (Millipore Corp., Bedford, Massachusetts, 
USA) for 7 days (day 0–6 ad libitum) (26). Control C57BL/6J  
mice received the filtered water alone.

Assessment of inflammation in DSS-treated mice. Clinical assessment 
of mice included daily measurement of body weight, evaluation 
of stool consistency, and the presence of blood in the stools by 

a guaiac paper test (ColoScreen; Helena Laboratories Inc., Beau-
mont, Texas, USA) (54). Clinical DAI (25) ranging from 0 to 4 was 
calculated using the following parameters: stool consistency (nor-
mal, loose, diarrhea), presence or absence of fecal blood (guaiac 
paper test and macroscopic evaluation of the anus), and weight 
loss. On day 6, intravital microscopy was performed and the mice 
were sacrificed. Colons were removed, from the cecum to the pelvic 
floor. Colon length and weight were measured before dividing the 
colon for histology and evaluation of MPO activity.

DSS load calculation. Previously, we demonstrated that in DSS-
induced colitis, the severity of inflammation is DSS load–dependent, 
and that a critical DSS load greater than or equal to 30 mg DSS/g 
body wt is required to reliably induce colitis in the C57BL/6J strain 
(29). DSS load for all DSS-treated mice was calculated as: load = [total 
drinking volume (ml) × DSS (g) per 100 ml]/initial body wt (g). The 
drinking volume was recorded daily using calibrated water bottles.

Histology. For each animal, histological examination was per-
formed on three samples of the distal colon; samples were fixed 
in 10% formalin before staining with H&E. All histological 
quantitation was performed blinded using a scoring system previ-
ously described (30). The three independent parameters measured 
were severity of inflammation (0–3: none, slight, moderate, severe), 
extent of injury (0–3: none, mucosal, mucosal and submucosal, 
transmural), and crypt damage (0–4: none, basal 1/3 damaged, 
basal 2/3 damaged, only surface epithelium intact, entire crypt 
and epithelium lost). The score of each parameter was multiplied 
by a factor reflecting the percentage of tissue involvement (×1:  
0–25%, ×2: 26–50%, ×3: 51–75%, ×4: 76–100%) and all numbers 
were summed. Maximum possible score was 40.

For determination of lamina propria leukocytes, H&E-stained 
5-µm sections were examined under high-power magnification 
(×25). Neutrophils in the lamina propria were counted in five 
randomly selected high-power fields on each slide and the aver-
age per slide was determined.

Figure 9
Changes in DAI over 7 days of treatment: WT mice treated with water 
(control) or DSS; ApoA-IV–/– mice treated with DSS alone or DSS + 
rhA-IV (mean ± SE). *P < 0.05 vs. WT treated with DSS, #P < 0.05 vs. 
ApoA-IV–/– treated with DSS alone.

Figure 10
Histology score of colitis in WT mice treated with water (control) or DSS, 
and in ApoA-IV–/– mice treated with DSS alone or DSS + rhA-IV (mean 
± SE). ‡P < 0.05 vs. WT mice treated with water, *P < 0.05 vs. WT mice 
treated with DSS, #P < 0.05 vs. ApoA-IV–/– mice treated with DSS alone.
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Tissue MPO activity. MPO was measured in tissue from proximal 
to distal colon (adjacent to tissue used for histology). Samples were 
rinsed with cold PBS, blotted dry, and immediately frozen in liquid  
nitrogen. They were stored at –80°C until assayed for MPO activ-
ity using the o-dianisidine method (55, 56). Tissue samples were 
thawed and weighed. The samples were then suspended (10% wt/
vol) in 50 mM pH 6.0 potassium phosphate buffer containing 0.5% 
hexadecyltrimethylammonium bromide (0.1 g/20 ml potassium 
phosphate) and homogenized. A sample of the homogenate (1 
ml) was sonicated for 30 seconds, then centrifuged at 200 g for 10 
minutes at 4°C. The reaction was begun by mixing and incubat-
ing the supernatant (100 µl) at 20°C for 10 minutes with a solu-
tion composed of 2,810 µl of 50 mM potassium phosphate, 30 µl 
of 20 mg/ml o-dianisidine dihydrochloride, and 30 µl of 20 mM 
hydrogen peroxide. After 10 minutes the reaction was terminated 
by the addition of 30 µl 2% sodium azide. The change in absorbance 
was read at 460 nm in a spectrophotometer (UV-1201 Series; Shi-
madzu Scientific Instruments Inc., Kyoto, Japan). MPO activity was 
expressed as the amount of enzyme necessary to produce a change 
in absorbance of 1.0 unit per minute per g tissue (wet weight).

Blood sampling and platelet preparation. Platelets were derived from 
untreated C57BL/6J mice for all intravital experiments. Donor 
mice were anesthetized using ketamine hydrochloride (150 mg/
kg intraperitoneally) and xylazine (7.5 mg/kg intraperitoneally). 
As described previously (57), approximately 0.9 ml of blood was 
harvested via a catheter placed in the carotid artery. The blood was 
collected in polypropylene tubes containing 0.1 ml acid-citrate-
dextrose buffer (Sigma-Aldrich, St. Louis, Missouri, USA). Platelet-
rich plasma was obtained by two sequential centrifugations (120 
g for 8 minutes and 120 g for 3 minutes). The platelet-rich plasma 
was removed and centrifuged again at 550 g for 10 minutes, and 
the pellet was resuspended in PBS, pH 7.4. Platelets were then incu-

bated for 10 minutes at room temperature with the fluorochrome 
CFSE (90 �M final concentration; Molecular Probes Inc., Eugene, 
Oregon, USA). The fluorescently labeled platelet solution was then 
centrifuged and the pellet was resuspended in 500 µl of PBS and 
protected from light until infused into a recipient animal. Leuko-
cytes accounted for 0.01% of the cells in the platelet suspension. 
The number of fluorescently labeled platelets obtained from one 
donor mouse was sufficient for two recipient mice.

Surgical preparation for intravital microscopy. Animals were anesthe-
tized as described above. The right carotid artery was cannulated 
for blood pressure measurements using a disposable pressure trans-
ducer (Cobe Laboratories Inc., Lakewood, Colorado, USA) attached 
to a pressure monitor (BP-1; World Precision Instruments, Sara-
sota, Florida, USA). The right jugular vein was cannulated for infu-
sion of rhodamine 6G (Sigma-Aldrich) for leukocyte labeling and 
subsequent infusion of CFSE-labeled platelets. On an adjustable 
acrylic microscope stage, a laparotomy was performed and the ani-
mal was placed on its right side. The proximal large bowel (initial 
2–3 cm adjacent to the cecum) was exteriorized with moist cotton 
swabs, covered with a nonwoven sponge, and superfused at 37°C 
with bicarbonate-buffered saline solution (pH 7.4).

Intravital fluorescence microscopy. Platelets and leukocytes were 
visualized with an inverted Nikon microscope (Nikon Inc., Tokyo, 
Japan) equipped with a 75-watt XBO xenon lamp. Visualization 
of CFSE (excitation: 490 nm, emission: 518 nm) and rhodamine 
6G (excitation: 525 nm, emission 550 nm) required a Nikon fil-
ter block with an excitation filter (470–490 nm), a dichroic mir-
ror (510 nm), and a barrier filter (520 nm). With a ×40 objective 
(0.85 numerical aperture, Nikon Inc.), the magnification on the 
television screen (Trinitron PVM-2030, 50.6 cm diagonal; Sony 
Corp., Tokyo, Japan) was ×1,280. The microscopic images were 
received by a charge-coupled device (CCD) video camera (model 
C2400; Hamamatsu Photonics KK, Hamamatsu, Shizuoka, Japan) 
and optimized by a CCD camera controller (model C2400; Hama-
matsu Photonics KK). The images were recorded on a videocassette 

Figure 11
Histology (H&E staining; magnification, ×100) of colonic samples from 
WT mice receiving either water (control) or DSS, and from ApoA-IV–/–  
animals receiving DSS or DSS + 0.5 mg rhA-IV. Compared with WT 
control animals (A), colon of WT DSS-treated mice (B) showed only 
mild inflammation (arrows), whereas in ApoA-IV–/– animals, DSS alone 
(C) produced loss of epithelial lining (arrowheads), edema (asterisk), 
and severe cellular inflammation (arrows). Treatment of DSS-treated 
ApoA-IV–/– animals with 0.5 mg rhA-IV prevented morphological dam-
age and cellular infiltration (D).

Figure 12
MPO activity in colonic tissue of WT mice treated with water (control) 
or DSS and in ApoA-IV–/– mice treated with DSS alone or DSS + 0.5 
mg rhA-IV, after 7 days (mean ± SE). ‡P < 0.05 vs. WT treated with 
water, *P < 0.05 vs. WT treated with DSS, #P < 0.05 vs. ApoA-IV–/–  
treated with DSS alone.



research article

268 The Journal of Clinical Investigation   http://www.jci.org   Volume 114   Number 2   July 2004

recorder (HS-U65; Mitsubishi Digital Electronics America, Irvine, 
California, USA). A video time-date generator (Panasonic WJ810; 
Matsushita Electric Industrial Co., Osaka, Japan) projected the 
time, date, and stopwatch function onto the monitor. Five ran-
domly chosen postcapillary venules of the proximal large bowel 
were each recorded for 1 minute.

Video analysis. Venular diameter (between 20 µm and 40 µm) 
was measured with a video caliper (Microcirculation Research 
Institute, Texas A&M University, College Station, Texas, USA) 
and venular length was set at 100 µm. Platelets and leukocytes 
were classified according to their interaction with the venular wall 
as either free flowing or adherent (when cells remained station-
ary for 30 seconds or more). We determined whether a platelet 
or leukocyte was adherent directly to the endothelium itself or 
indirectly by attachment to another blood cell, suggesting bind-
ing of blood cells to other blood cells and to endothelium. Plate-
let and leukocyte adherence was expressed as the number of cells 
per mm2 of venular surface, calculated from diameter and length, 
assuming cylindrical vessel shape.

Measurement of in vivo colonic P-selectin expression using dual 
radiolabeled mAb technique. The binding mAb’s used for the in 
vivo characterization of P-selectin expression were RB40.34, a 
rat immunoglobulin (IgG1) that is specific for mouse CD62P 
(P-selectin) (BD Biosciences — Pharmingen, San Diego, Califor-
nia, USA), and P23, a nonbinding murine IgG1 directed against 
human P-selectin (Pharmacia-Upjohn, Kalamazoo, Michigan, 
USA). The binding (RB40.34) and nonbinding (P23) mAb’s were 
labeled with 125I and 131I (DuPont NEN Research Products, Bos-
ton, Massachusetts, USA), respectively, using the iodogen method 
as described previously (58), and stored at 4°C. Mice were anes-
thetized as described above, then equipped with right jugular and 
carotid catheters. A mixture (200-µl) of 125I-labeled binding mAb 
and 131I-labeled nonbinding mAb was administered through the 
jugular vein catheter. Five minutes after injection of the mAb 
mixture, a blood sample was obtained from the carotid artery. 
Immediately thereafter, the animal was rapidly exsanguinated by 
jugular perfusion of bicarbonate-buffered saline, immediately 
followed by carotid perfusion with bicarbonate-buffered saline 
after severing the inferior vena cava at the thoracic level. The large 
bowel was harvested and divided into proximal and distal por-
tions. The method for calculating P-selectin expression has been 
described previously (58). Briefly, activity of 125I and 131I (marking 
the binding mAb and the nonbinding mAb, respectively) in the 
tissue and in 50-µl samples of cell-free plasma was counted in a 
14800 Wizard 3 γ counter (Wallac, Turku, Finland). The accumu-
lated activity of the labeled mAb in the colon was expressed as the 
percentage of the injected activity per g tissue. P-selectin expres-
sion was calculated by subtracting the accumulated activity per 
g tissue of the nonbinding mAb from the activity of the binding 
P-selectin–binding mAb. This value, expressed as percent injected 

dose per g tissue, was converted to ng mAb per g tissue by multi-
plying the above value by the total injected binding mAb.

Experimental protocols. In the first series of experiments, we tested 
different doses of intraperitoneally administered rhA-IV (0.5 mg 
and 0.25 mg daily, n = 7 each) in DSS-induced colitis starting at day 
0 for 7 days. Control C57BL/6J mice (n = 7) received water. Besides 
animals receiving DSS (n = 7), a vehicle control group received DSS 
+ PBS intraperitoneally (n = 4). To control for nonspecific protein 
effects, two more DSS groups received BSA (n = 3) and rhA-I (n = 6) 
(both in molar dose equivalents to 0.5 mg rhA-IV/d), respectively.

In the second series of experiments we examined the effect of 
rhA-IV on colonic microvasculature using intravital fluorescence 
microscopy. For 7 days, C57BL/6J mice received either water (n = 6),  
DSS (n = 6), or DSS + rhA-IV (0.5 mg/d) (n = 6) until microscopy 
was performed. One hundred microliters of 0.02% rhodamine 6G 
was infused intrajugularly over 5 minutes and allowed to circulate 
for 5 minutes. Immediately thereafter, fluorescently labeled plate-
lets (100 × 106) were infused over a period of 5 minutes using the 
infusion pump and then allowed to circulate for 5 minutes before 
beginning recording.

In a third series of experiments we tested whether apoA-IV defi-
ciency aggravates DSS-induced colitis. All animals in this third series 
of experiments were kindly provided by the laboratory of Patrick 
Tso. The experimental groups were: WT C57BL/6J mice treated with 
water (n = 5); WT C57BL/6J mice (littermates of ApoA-IV–/– mice) 
treated with DSS (n = 6); ApoA-IV–/– mice treated with DSS (n = 6); 
and ApoA-IV–/– mice treated with DSS + rhA-IV (0.5 mg/d, n = 6).

Data analysis. Statistical analyses were performed with Stat-
View 4.5 software (Abacus Concepts Inc., Berkeley, California, 
USA) using one-way ANOVA followed by the Scheffé (post hoc) 
test. All values are reported as mean ± SE. Statistical significance 
was set at P < 0.05.
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