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 CHAPTER 7 

 

7 EFFECTS OF WGFE ON T-LYMPHOCYTE INDUCED 

KERATINOCYTE APOPTOSIS 

 

7.1  Introduction  

 

Keratinocyte apoptosis is the proposed mechanism by which epidermal integrity is 

impaired in atopic eczema. The studies presented in Chapter 6 demonstrated the ability 

of recombinant TGF 1 and IGF-I to ameliorate T-lymphocyte induced keratinocyte 

apoptosis. The studies in this chapter examine the effect of whey growth factor extract 

(WGFE), a milk-derived growth factor extract containing TGF  and IGF-1, on T-

lymphocyte induced keratinocyte apoptosis. These studies were divided into the 

following specific aims: 

 

1. Establish the effects of whey growth factor extract (WGFE) on primary 

CD4+ T-lymphocyte induced keratinocyte apoptosis and how these relate to the 

equivalent TGF  and IGF-I content. 

WGFE contains high levels of several growth factors including IGF-I, IGF-II, TGF 2, 

fibroblast growth factor and platelet-derived growth factor as shown in Table 7.1 

(Belford et al. 1997, Francis et al. 1995, Rogers et al. 1996).  
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Table 7-1 

Growth Factor Concentration in WGFE (ng/ml) 

IGF-I 

IGF-II 

IGFBP (total) 

PDGF 

Betacellulin  

aFGF 

bFGF 

TGF  

TGF  (acid activated)* 

22.7 

23.9 

70 

4 

2.59 

0.2 

0.7 

2-5 

72-250 

*TGF  exists in milk as a high molecular weight complex that is activated under 

acidification to separate TGF  from latency-associated peptide (LAP) and yield the 

bioactive low molecular weight factor. 

 

A number of reports suggest that WGFE has anti-inflammatory properties and can 

stimulate the growth and repair of skin cells (Belford et al. 1995, Francis et al. 1995, 

Francis et al. 1997, Penttila et al. 2001, Rayner et al. 2000). The experiments in this 

Chapter assess the effect of WGFE, on keratinocyte apoptosis induced by T-

lymphocytes. Moreover, in order to determine if the growth factor content of WGFE is 
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associated with effects on keratinocytes in co-culture, comparative studies were 

performed using the equivalent content of TGF  and IGF-I present in WGFE.  

 

2. Examine the effect of WGFE on Fas expression and differentiation by 

keratinocytes co-cultured with T-lymphocytes. 

In Chapter 5 it was shown that T-lymphocyte induced keratinocyte apoptosis was 

mediated by Fas with IFN  released into the co-culture media implicated in the 

upregulation of keratinocyte Fas expression (Chapter 5 Section  5.3.5 to 5.3.8). However 

recombinant TGF 1 and IGF-I appear to protect keratinocytes from T-lymphocyte 

induced apoptosis via a Fas independent manner. The growth factors appeared to protect 

keratinocytes from T-lymphocyte induced apoptosis by preventing T-lymphocyte 

induced keratinocyte differentiation, as defined by a decrease in 6 expression (Section  

6.3.6 and 6.3.8). To investigate whether WGFE could have the same effect on 

keratinocytes as the recombinant growth factors, WGFE was added to co-cultures and its 

effect on keratinocyte 6 expression was investigated. 
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7.2  Methods  

 

7.2.1 WGFE 

The experiments in this chapter were performed using laboratory scale preparations of 

WGFE (batch # D14348). WGFE was analysed and provided by TGR BioSciences Pty. 

Ltd. The procedures used to extract the growth factor fraction from whey have been 

described in detail by GL. Francis et al, 1995 and GL. Francis et al, 1997. WGFE was 

used at concentrations between 0.1-2mg/ml. The TGF  and IGF-I content of WGFE 

used in these experiments is shown in Table 7-2. Some experiments were performed in 

parallel using equivalent concentrations of recombinant TGF  1 and IGF-1. 

 

An IGF-I enriched fraction of WGFE was generated by dialysis against a 50KDa 

membrane and collecting the permeate (analysed and provided by TGR-BioSciences 

Pty. Ltd.) This permeate; UFO2N010 contained no TGF  and high levels of IGF-I and 

was used in some experiments with NHEKs (Table 7-2). The concentrations of 

UFO2N010 used in these experiments was calculated to give final IGF-I concentrations 

between 1-20 ng/ml. 
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Table 7-2 

STREAM PROTEIN 

(mg/mg) 

TGF  

(ng/mg) 

IGF-1 

(ng/mg) 

WGFE – Native: batch D14348 37.96 16.99 4.09 

WGFE - Permeate: UFO2N010 2.07 0 73.55 
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7.3  Results  

 

7.3.1 WGFE prevented T-lymphocyte induced HaCaT apoptosis 

As shown in Figures 7.1 c, d and e, WGFE at concentrations of 0.1, 0.5 and 1 mg/ml 

respectively, reduced HaCaT cell shrinkage, membrane blebbing and the amount of 

HaCaT detachment from culture plate induced by T-lymphocytes compared to untreated 

co-cultures (Figure 7.1 b). In fact, HaCaT co-cultures treated with 0.5 and 1 mg/ml 

WGFE appeared to have a similar appearance to control HaCaTs shown in Figure 7.1 a. 

Consistent with these morphological observations, WGFE (0.1-1 mg/ml) decrease the 

number of HOESCHT 33342 positive HaCaT nuclei found in T-lymphocyte co-cultures 

(Figure 7.1 h, i and j respectively) compared to co-culture controls (Figure 7.1 g).  

 

The effect of WGFE on T-lymphocyte induced HaCaT apoptosis was quantified by 

Annexin V and PI staining. The combined results from four replicate experiments 

demonstrates that WGFE (0.5 and 1 mg/ml) significantly decreased the total number of 

apoptotic HaCaTs (p<0.05 Figure 7.2 a). To ensure the effect of WGFE was not 

attributed to T-lymphocyte apoptosis during co-culture, T-lymphocytes were stained 

with Annexin V/PI at the end of the experiments. Figure 7.2 b demonstrates that WGFE 

had no effect on T-lymphocyte apoptosis in co-culture as 100% of the T-lymphocytes 

were Annexin V/PI negative. 



Figure 7.1

Figure 7.1  Effect of WGFE on T-lymphocyte induced HaCaT apoptosis. HaCaT
morphology was assessed prior to flow cytometric analysis of apoptosis (a) Control
HaCaTs, (b) HaCaTs co-cultured with 5X105 T-lymphocytes, (c) HaCaT T-lymphocyte
co-cultures incubated with 0.1mg/ml WGFE, or (d) 0.5mg/ml WGFE, or (e) 1mg/ml
WGFE. Chromatin condensation and DNA fragmentation was assessed in parallel
cultures using the HOESCHT 33342 fluorescent stain of (f) Control HaCaTs, (g)
HaCaTs co-cultured with 5X105 T-lymphocytes, (h) HaCaTs T-lymphocyte co-cultures
with 0.1mg/ml WGFE, or (i) 0.5mg/ml WGFE, or (j) 1mg/ml WGFE. Scale bar
represents 100µm for the phase contrast images and the HOESCHT 33342 images.
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Figure 7.2
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Figure 7.2  Effect of WGFE on T-lymphocyte induced HaCaT apoptosis and T-
lymphocyte survival in co-culture. (a) Apoptosis was quantified by Annexin V and PI
staining of control HaCaTs, HaCaTs co-cultured with T-lymphocytes and HaCaTs co-
cultured with T-lymphocytes together with WGFE (0.1-1mg/ml) for 48hrs. (b) T-
lymphocyte viability was determined on T-lymphocytes from cultures described in (a)
by exclusion of Annexin V and PI staining. Bar graphs show the parameters measured
as a percentage of the total cell population with the data presented as mean±SEM
from 4 experiments. The data was analysed using one-way analysis of variance
(ANOVA) and post-hoc t-test with significance (p<0.05) between treatments shown by
the matching symbols (a, b)

0
5

10
15
20
25
30
35
40

H
aC

aT
 A

po
pt

os
is

 (%
)

WGFE (mg/ml)

Co-culture

a

ab

b

abab

0.1 0.2 0.5 1

+ + + + +-
- -

a)

b

215



 216 

7.3.2 Effect of WGFE on IFN  release and Fas expression  

The results presented in the previous Section demonstrate that WGFE significantly 

prevented T-lymphocyte induced apoptosis of HaCaTs. The following studies aimed to 

investigate the effect of WGFE on IFN  release and the Fas pathway.  

 

Figure 7.3 demonstrates that the increase in IFN  levels normally associated with co-

culture was prevented by WGFE (0.1-1 mg/ml; p<0.05). The effect was comparable to 

results obtained with recombinant TGF  and IGF-I (Section 6.3.4). Having established 

that 0.5 and 1 mg/ml WGFE prevented T-lymphocyte induced HaCaT apoptosis, the 

effect of these concentrations on IFN  induced HaCaT Fas expression was examined. 

IFN  (100 ng/ml) induced Fas expression by HaCaTs (pink histogram MFI from 12 to 2; 

Figure 7.3 b), was markedly down regulated by both 0.5 and 1 mg/ml WGFE 

concentrations (Figure 7.3 c and d respectively).  

 

T-lymphocyte induced keratinocyte apoptosis was shown to be mediated by a Fas 

dependent mechanism (Chapter 5 Section 5.3.5 to 5.3.8). To determine whether WGFE 

prevented T-lymphocyte induced HaCaT apoptosis by modulating Fas expression, the 

effect of 0.5 and 1 mg/ml WGFE on T-lymphocyte induced HaCaT Fas expression was 

investigated. Figure 7.4 a shows the upregulation of Fas associated with T-lymphocyte 

co-culture (yellow histogram) and panels in Figure 7.4 b and c show that this was not 

affected by either 0.5 or 1 mg/ml WGFE (blue and purple histogram; respectively).  
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In parallel wells the effect of TGF  and IGF-I, at concentrations present in WGFE 

(Table 7-2), on T-lymphocyte induced HaCaT Fas expression was also examined. The 

results were similar to those obtained with WGFE, as 8.5ng/ml TGF  and 2ng/ml IGF-I 

equivalent to 0.5m/ml WGFE, or 17ng/ml TGF  and 4ng/ml IGF-I equivalent to 1mg/ml 

WGFE, did not affect T-lymphocyte induced HaCaT Fas expression (pink and orange 

histogram; Figure 7.4 d and e respectively).  

 

7.3.3 WGFE prevents T-lymphocyte induced early differentiation  

Evidence in Chapter 5 clearly demonstrates that T-lymphocytes induced early 

differentiation of HaCaTs (shown by a decrease in 6 expression) which correlated with 

apoptosis (Section  5.3.9). The effect of WGFE on HaCaT 6 expression after co-culture 

was investigated. The results in Figure 7.5 demonstrate that WGFE (0.5 and 1 mg/ml) 

prevented the shift from 6-bright to dim associated with T-lymphocyte co-culture (light 

blue and purple histogram; Figure 7.5 c and d respectively). The distribution of the 

histograms were similar to those of control HaCaTs (Figure 7.5 a).  

 

The effect of TGF  and IGF-I concentrations equivalent to those present in WGFE on 

HaCaT 6 expression was also investigated. Consistent with the effect observed in 

WGFE treated co-cultures, the recombinant TGF  and IGF-I combinations also 

prevented the T-lymphocyte induced, loss of 6 expression with the cell remaining 6-

bright (pink and orange histogram respectively, Figure 7.5 e and f respectively).  



Figure 7.3

Figure 7.3  Effect of WGFE on IFNγ release in co-culture and IFNγ induced
HaCaT Fas expression. Levels of IFNγ in conditioned media from HaCaT controls,
HaCaTs co-cultured with T-lymphocytes and HaCaTs co-cultured with T-
lymphocytes and WGFE (0.1-1 mg/ml). Values represent the mean release of IFNγ ±
SEM from 4 independent experiments. The data was analysed using one-way
analysis of variance (ANOVA) and post-hoc t-test with significance (p<0.05) between
treatments shown by the matching symbols (a, b). Compiled histograms showing
changes in surface Fas expression by (b) HaCaT control; green histogram or
HaCaTs treated with 100ng IFNγ; pink histogram present in each panel, (c) HaCaTs
treated with IFNγ + WGFE (0.5mg/ml) blue histogram and (d) HaCaTs treated with
IFNγ + WGFE (1mg/ml) blue histogram. The unfilled histogram is the negative control
(isotype-matched Ab).
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Figure 7.4

Figure 7.4.  Effect of WGFE on T-lymphocyte induced HaCaT Fas expression.
Compiled histograms showing the change in surface Fas expression by (a) HaCaT
control; green histogram and HaCaTs co-cultured with T-lymphocytes (yellow
histogram) present in each panel. (b) HaCaTs T-lymphocyte co-culture + 0.5mg/ml
WGFE; blue histogram (c) HaCaTs T-lymphocyte co-culture + 1mg/ml WGFE; purple
histogram. (d) HaCaTs T-lymphocyte co-culture + TGFβ:IGF-I (8.5:2 ng/ml) pink
histogram. (e) HaCaTs T-lymphocyte co-culture + TGFβ:IGF-I (17:4 ng/ml); orange
histogram. The black histogram is the negative control (isotype-matched Ab).
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Figure 7.5

Figure 7.5.  Effect of WGFE on T-lymphocyte induced HaCaT α6 dim
expression. Expression of α6 integrin by (a) HaCaT controls green histogram, (b)
HaCaTs T-lymphocyte co-cultures dark blue histogram (present in each panel), (c)
HaCaTs co-cultured with T-lymphocytes + 0.5mg/ml WGFE; light blue histogram, (d)
HaCaTs co-cultured with T-lymphocytes + 1mg/ml WGFE; purple histogram, (e)
HaCaTs co-cultured with T-lymphocytes + TGFβ:IGF-I (8.5:2ng/ml) pink histogram,
and (f) HaCaTs co-cultured with T-lymphocytes + TGFβ:IGF-I (17:4ng/ml) orange
histogram. The unfilled histogram is the negative control (isotype-matched Ab).
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7.3.4 WGFE did not prevent T-lymphocyte induced apoptosis of NHEKs 

The WGFE results presented in this chapter indicate that WGFE protects HaCaTs from 

T-lymphocyte induced apoptosis. To determine if the same effect could be obtained 

using primary keratinocytes, NHEK co-cultured with pre-activated CD4+ T-

lymphocytes were treated with WGFE (primary co-culture model described in Chapter 5 

Section 5.2.2). NHEK morphology studies demonstrate that WGFE (0.5 and 1 mg/ml) 

did not decrease cell shrinkage and cell detachment from the culture plate associated 

with T-lymphocyte co-culture (Figure 7.6 c and d). These observations were supported 

by Annexin V and PI staining experiments, which show that WGFE (0.5 and 1 mg/ml) 

had no effect on the number of apoptotic NHEKs induced by T-lymphocyte co-cultures 

(Figure 7.6 e).  

 

7.3.5 Effect of IGF-I enriched WGFE (UFO2N010) on T-lymphocyte induced 

NHEK apoptosis  

It was previously demonstrated in Chapter 6 (Section 6.3.7) that TGF  did not protect 

NHEKs from T-lymphocyte induced apoptosis, whereas IGF-I did. Given that WGFE 

contains a high concentration of TGF , preliminary studies were performed to examine 

the effect of a WGFE fraction; UFO2N010 which contained a high concentration of 

IGF-I but no TGF  (Table 7-2). 
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NHEKs co-cultured with T-lymphocytes and treated with UFO2N010 to give IGF-I 

levels of 1, 10 and 20 ng/ml were found to have decreased levels of T-lymphocyte 

induced apoptosis as measured by Annexin V and PI staining (Figure 7.7 a). Figure 7.7 d 

shows that UFO2N010 used at a concentration to give 10 ng/ml IGF-I was able to 

prevent the T-lymphocyte induced cell shrinkage and detachment from the culture plate 

associated with untreated T-lymphocyte co-cultures (Figure 7.7 c). UFO2N010 treated 

NHEKs had similar morphological characteristics as the control cells shown in Figure 

7.7 b. UFO2N010 also decreased the number of HOESCHT positive NHEKs induced by 

T-lymphocytes (Figure 7.7 g) compared to untreated NHEK-T-lymphocyte co-cultures 

(Figure 7.7 f).  

 

7.3.6 UFO2N010 prevents T-lymphocyte induced early differentiation of normal 

human epidermal keratinocytes 

It was demonstrated in Chapter 6 Section 6.3.8, that recombinant IGF-I suppressed T-

lymphocyte induced early differentiation of NHEKs, as IGF-I (100 ng/ml) maintained 

6-bright expression, preventing the T-lymphocyte mediated shift to 6-dim (Section 

6.3.7). The effect of UFO2N010 on NHEK 6 expression associated with T-lymphocyte 

co-cultures was investigated and the result shown in Figure 7.8. UFO2N010 at a 

concentration equivalent to 10 ng/ml IGF-1 totally prevented the shift from 6-bright to 

6-dim expression (purple histogram; Figure 7.8 b). The number of cells retaining their 

bright 6 expression levels in UFO2N010 treated co-cultures was similar to NHEK 

controls (orange histogram; MFI 95; Figure 7.8 a and b)  



Figure 7.6

e)

Figure 7.6 Effect of WGFE on T-lymphocyte induced NHEK apoptosis. NHEK
morphology was assessed on cultures and imaged by phase contrast microscopy
prior to flow cytometric analysis of apoptosis. (a) Control NHEK, (b) NHEK co-cultured
with T-lymphocytes for 48hrs, (c) NHEK co-cultured with T-lymphocytes + 0.5mg/ml
and (d) NHEKs co-cultured with T-lymphocytes + 1mg/ml WGFE. Scale bar
represents 100µm. (e) Apoptosis of samples represented in (a-d) was quantified by
Annexin and PI staining. Values represent the mean % apoptosis ± SEM from 3
independent experiments. The data was analysed using one-way analysis of variance
(ANOVA) and post-hoc t-test with significance compared to HaCaT controls are
shown as *p<0.05.
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Figure 7.7
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Figure 7.7  Effect of UFO2N010 on T-lymphocyte induced NHEK apoptosis. (a)
NHEKs were co-cultured with T-lymphocytes together with UFO2N010 (to give IGF-I
concentration 1, 10, 20ng/ml) for 48hrs. Cells were stained with Annexin V and PI and
analysed by flow cytometry. Values represent the percentage of Annexin V positive
cells. NHEK morphology was imaged by phase contrast microscopy prior to flow
cytometric analysis of (b) Control NHEK (c) NHEK T-lymphocyte co-cultures and (d)
NHEK T-lymphocyte co-cultures + UFO2N010 (10ng/ml IGF-1). Chromatin
condensation and DNA fragmentation was assessed in parallel cultures using the
HOESCHT 33342 fluorescent stain of (e) Control NHEK (f) NHEK T-lymphocyte co-
cultures and (g) NHEK T-lymphocyte co-cultures + UFO2N010 (10ng/ml IGF-1).
Scale bar represents 100µm for all images.
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Figure 7.8
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Figure 7.8.  Effect of UFO2N010 on T-lymphocyte induced NHEK α6 dim
expression. Surface expression of α6 integrin on (a) NHEK controls orange
histogram and NHEKs T-lymphocyte co-cultures aqua histogram, (b) NHEKs co-
cultured with T-lymphocytes + UFO2N010 (10ng/ml IGF-1) blue histogram. The
unfilled histogram is the negative control (isotype-matched Ab).
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7.4  Summary 

 

The results presented in this chapter demonstrate that WGFE appears to be able to 

protect keratinocytes from T-lymphocyte induced apoptosis. Consistent with work 

performed using recombinant growth factors in Chapter 6, protection from apoptosis 

was shown to be independent of T-lymphocyte death. Even though WGFE was able to 

reduce the elevated IFN  levels in the co-culture media as well as IFN  induced Fas 

expression, WGFE did not change T-lymphocyte induced HaCaT Fas expression. This 

observation is consistent with results obtained with recombinant growth factors (Chapter 

6). In fact, it was demonstrated in this Chapter that WGFE prevented T-lymphocyte 

induced early differentiation, an event found to be associated with HaCaT apoptosis in 

Chapter 6. The effect of WGFE on keratinocyte differentiation appears to be due to the 

TGF  and IGF-I content as equivalent concentrations to those found in WGFE had a 

similar response.  

 

NHEKs however, did not respond to WGFE in the same way as the HaCaTs. Given that 

it has been previously shown TGF  did not protect NHEKs from T-lymphocyte induced 

apoptosis (Section 6.3.7), WGFE may not have reduced T-lymphocyte mediated 

apoptosis because of its high concentration of TGF . Removal of TGF  and the 

enrichment of IGF-I in UFO2N010, resulted in the protection of NHEKs from T-

lymphocyte induced apoptosis. The mechanism mediating the prevention of keratinocyte 

apoptosis appeared consistent between HaCaTs and NHEKs as UFO2N010 prevented 

the induction of keratinocyte differentiation associated with T-lymphocyte co-culture. 
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From the results presented in this chapter, the following conclusions can be drawn: 

• Growth factor extracts derived from whey (WGFE) are as effective as 

recombinant growth factors in protecting HaCaT keratinocytes from T-

lymphocyte induced apoptosis. 

• WGFE itself does not protect NHEKs from T-lymphocyte induced apoptosis 

however, a WGFE fraction high in IGF-1; UFO2N010, had protective properties. 

• IGF-I contained in WGFE appears to be the primary protective agent from T-

lymphocyte induced apoptosis, and appears to work by preventing keratinocytes 

from undergoing early differentiation in response to the presence of T-

lymphocytes. 
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 CHAPTER 8 

 

8 DISCUSSION  

 

Atopic eczema (AE) is a chronic inflammatory skin disease resulting in complex 

dysregulation of the immune response to antigens in skin (Akdis et al. 2000). Current 

therapies are targeted at reducing the inflammation and reducing the symptoms of AE, 

however they do not cure the disease. As discussed previously, some of the more 

commonly used agents are associated with a number of adverse side-effects such as skin 

atrophy (Leung & Boguniewicz 2003) and recently there has been reports on potential 

risks of cancer with some of the more newly used treatments such as Elidel Cream 

(pimecrolimus; SDZ ASM 981) and Protopic Ointment (tacrolimus; FK506) (FDA 

Consumer magazine 2007) alone or in combination with topical corticosteroid {Ormerod 

et al. 2005}. However follow up case-control studies have reported contrary evidence 

regarding concerns of topical immunosuppressants including calcineurin inhibitors such 

as pimecrolimus or tacrolimus and the risk of lymphoma in patients with AE {Arellano 

et al. 2007}. 

 

Although T-lymphocyte induced keratinocyte apoptosis plays a crucial role in the 

pathogenesis of the disease and is partly responsible for the development of lesions in 

AE (Trautmann et al. 2000a), there are no medications that specifically target 

keratinocyte apoptosis and promote survival. Keratinocyte apoptosis results in 
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breakdown of the epidermal barrier and propagation of immune dysregulation. As such, 

the identification of agents that can target multiple aspects of AE pathology, in particular 

keratinocyte apoptosis and inflammation, may be more useful for patients that do not 

respond to current treatments.  

 

Previous studies have identified keratinocyte-T-lymphocyte co-cultures as good in vitro 

disease models for eczema and have been used to investigate various therapeutic 

treatments (Trautmann et al. 2001c). Consequently, the first aim of this thesis was to 

establish an in vitro cell model suitable for investigating the induction of keratinocyte 

apoptosis by T-lymphocytes. The second aim of this thesis was to use this model to 

examine whether growth factors, such as IGF-1, TGF  and a milk derived growth factor 

extract containing TGF  and IGF-1, could ameliorate T-lymphocyte induced 

keratinocyte apoptosis.  

 

8.1  T-lymphocyte induced keratinocyte apoptosis  

 

The results presented in this thesis demonstrated that major histocompatibility complex 

non-matched T-lymphocyte cultures induced keratinocyte apoptosis in co-culture. It was 

demonstrated here for the first time that mitogen activated Jurkat T-lymphocytes were 

capable of inducing apoptosis of HaCaTs, resulting in 29% of HaCaTs being apoptotic 

after a 48 hr co-culture. Similarly, mitogen activation of major histocompatibility 

complex non-matched primary CD4+ T-lymphocytes induced apoptosis in 28% of 

HaCaTs, whereas NHEKs were more sensitive to T-lymphocytes with 80% of NHEKs 



 230 

being apoptotic after co-culture for 48 hr. This outcome corresponds to results obtained 

from primary keratinocyte co-culture system developed by Trautmann et al using 

autologous CD4+5RO+ (memory/effector) T-lymphocytes. The authors demonstrated 

that T-lymphocyte activation with anti-CD2, anti-CD3, and anti-CD28 mAb’s resulted 

in 81.6% apoptotic keratinocytes after a 72 hr co-culture (Trautmann et al. 2000a). Also 

consistent with the system developed by Trautmman et al, unstimulated T-lymphocytes 

used in the studies described here, did not affect keratinocyte morphology. In contrast, 

keratinocytes co-cultured with activated T-lymphocytes underwent several 

morphological changes including cell shrinkage and rounding, membrane blebbing, 

chromatin condensation, increased nuclear fragmentation and finally cell detachment 

from the culture plate. These changes in cell morphology are consistent with other 

studies using several inducers of apoptosis such as UV radiation and IFN  (Henseleit et 

al. 1996, Mammone et al. 2000a).  

 

8.1.1 T-lymphocyte induced Fas mediated apoptosis of keratinocyte  

A mechanism by which T-lymphocytes induce keratinocyte cell death in the co-culture 

cell system established in this thesis was proposed in Figure 5.19. Consistent with in 

vivo data from the skin of AE patients (Trautmann et al. 2000a), the results in Chapter 4 

and 5 suggest a central role for Fas in mediating CD4+ T-lymphocyte induced 

keratinocyte apoptosis, with inhibition of apoptosis achieved by blocking Fas with an 

anti-Fas antibody. This result implies that the FasL-Fas interaction is responsible for T 

cell–mediated keratinocyte apoptosis. Similar inhibitory effect have been reported using 

the same concentrations of anti-Fas antibody, such that blocking Fas completely 
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inhibited keratinocyte apoptosis in co-cultures with stimulated CD45RO+ 

memory/effector T-lymphocytes (Trautmann et al. 2000a, Trautmann et al. 2001c, 

Trautmann et al. 2001b). The authors of these studies suggested that there were no 

apoptosis-inducing pathways other than Fas that mediated keratinocyte apoptosis 

induced by T-lymphocytes. Given that lesional AE skin is also defined histologically by 

the infiltration of CD8+ T-lymphocytes (Trautmann et al. 2000b), additional work was 

performed in this thesis to assess the effect of CD4-depleted mononuclear cells, a mixed 

population of cells consisting mainly of CD8+ T-lymphocytes (Appendix 7) on 

keratinocytes. Confirming the results obtained with CD4+ T-lymphocytes, the CD4 

depleted mononuclear cells induced apoptosis of keratinocytes by upregulation of Fas 

expression thus increasing the susceptibility to apoptosis mediated by FasL (Arnold et al. 

1999, Traidl et al. 2000), also shown to be upregulated by these population of  T-

lymphocytes upon activation.  

 

8.1.2 T-lymphocyte induced keratinocyte apoptosis is mediated by IFN  

stimulated upregulation of keratinocyte Fas and subsequent activation of 

caspase 3 

The Th1 cytokines IFN  and TNF  released by T-lymphocytes in skin can upregulate 

Fas expression and increase keratinocyte susceptibility to apoptosis (Arnold et al. 1999, 

Traidl et al. 2000, Trautmann et al. 2000a). In co-culture however, only IFN  levels 

were elevated in the conditioned media. The increased IFN  in the co-culture system 

corresponds with studies that demonstrate expression of IFN  is predominant in the 

chronic AE skin lesions (Grewe et al. 1994, Spergel et al. 1999). Furthermore, biopsies 
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of skin lesions elicited by patch testing AE patients with dust-mite antigens reveal that a 

majority of T-lymphocytes in the lesions express IFN  (Thepen et al. 1996). In contrast 

to reports showing that soluble factors released into the conditioned media by activated 

T-lymphocytes can induce keratinocyte apoptosis by upregulation of Fas (Trautmann et 

al. 2000a), studies in this thesis demonstrated that soluble factors released by activated 

T-lymphocytes did not induce apoptosis of keratinocytes even though sFasL was 

detected in the conditioned media. An explanation for this may be that IFN  released 

into the co-culture conditioned media was at a relatively low concentration (~1ng/ml), 

and hence not capable of increasing keratinocyte Fas expression above control levels or 

above the threshold level required to promote apoptosis signalling as previously 

described by Trautmann et al (Trautmann et al. 2000a). However, consistent with in 

vitro observations in HaCaTs by Henseleit U et al, (Henseleit et al. 1996), the addition 

of recombinant IFN  alone at 100ng/ml was shown to be a strong inducer of 

keratinocyte Fas expression and apoptosis. Although TNF  induces Fas expression, it 

does not induce keratinocyte apoptosis, however together with IFN  it has been shown 

to synergistically induce keratinocyte apoptosis (Konur et al. 2005). Since TNF  was 

shown to be released by activated T-lymphocytes but not detected in co-culture media, it 

may be speculated that any TNF  released may be utilised by keratinocytes and act in a 

paracrine manner with the IFN  present to induce keratinocyte apoptosis in co-culture. 

However, further work would need to be performed in order to clarify the involvement 

of TNF  in co-culture induced HaCaT apoptosis.  
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The presence of IFN  in co-culture was shown to potentiate co-culture induced Fas 

expression by keratinocytes, resulting in greater sensitivity to T-lymphocyte-mediated 

apoptosis. Previous work has demonstrated IFN  to be a prerequisite for T-lymphocyte–

mediated keratinocyte apoptosis (Trautmann et al. 2000a). The authors showed that 

blocking IFN  with neutralising antibodies totally abrogated keratinocyte apoptosis 

induced by activated T-lymphocytes in co-culture. By using numerous cytokines and 

anti-cytokine neutralizing mAb’s, the authors concluded that no cytokines other than 

IFN  participated in this process (Trautmann et al. 2000a). Supporting this study, the 

results in this thesis, it appears that IFN  is not only involved in maintaining the 

inflammatory response, but also has potential implications for inducing keratinocyte 

apoptosis in AE. These results would indicate that the release of IFN  together with 

direct interaction between T-lymphocytes and keratinocytes would be required to induce 

keratinocytes apoptosis in the skin.  

 

Consistent with studies demonstrating increased adhesion molecules expression in 

inflamed skin (Nickoloff et al. 1993, Singer et al. 1989), keratinocyte ICAM-1 

expression was markedly increased with co-culture and further augmented by the 

addition of IFN . Together with a concomitant upregulation of LFA-1 by T-lymphocytes 

in co-culture, it can be speculated that the attachment of keratinocytes to T-lymphocytes 

could aid the delivery of the apoptosis signal by FasL expressed on the surface of T-

lymphocytes. These observations are strengthened by previous reports that suggest that 

keratinocytes may be stimulated by IFN  to serve as accessory cells by retaining T-
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lymphocytes in the skin and contribute to the dysregulated inflammatory response in AE 

(Nickoloff et al. 1993).  

 

The Fas and FasL pathway is involved in mediating keratinocyte apoptosis of UV-

irradiated human skin (Aragane et al. 1998, Bang et al. 2002, Leverkus et al. 1997). The 

mechanism is still unclear, however as UVB light can induce direct activation of Fas 

(Aragane et al. 1998), or act indirectly by increasing endogenous FasL expression 

(Leverkus et al. 1997). Similar to UV radiation and the induction of apoptosis using 

sodium butyrate (Daehn et al. 2006, Denning et al. 1998), T-lymphocyte induced 

keratinocyte apoptosis appears to be mediated by caspase 3 and subsequent cleavage of 

PARP. Caspase 3 was responsible for mediating key apoptosis related morphological 

changes including chromatin condensation and DNA fragmentation as confirmed by the 

use of caspase 3 inhibitor; DMQD-CHO (Hirata et al. 1998, Zhu & Otterson 2003).  

 

The findings from this thesis, together with the published literature presented, support 

the conclusion that the established co-culture model provides a proof-of-principle model 

for T-lymphocyte induced Fas mediated keratinocyte apoptosis. T-lymphocyte induced 

keratinocyte apoptosis is mediated by IFN  stimulated upregulation of keratinocyte Fas 

that is consistent with AE in vivo. This resulted in subsequent activation of the caspase 

cascade by binding T-lymphocyte associated FasL.  

 

Disease relevant studies could be performed in the future, to confirm the established 

system in-vitro. For example, it has been known for some time that colonization and 
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infection with Staphylococcus aureus and streptococci exacerbates AE and psoriasis. An 

early study performed by Leyden et al. reported that out of 50 AE patients containing 

chronic plaques, 90% of them were colonized with Staphylococcus aureus (Leyden et al. 

1974). Other studies have shown that over half of the S. aureus strains isolated from AE 

skin secrete superantigenic toxins, including staphylococcal enterotoxins A and B (SEA, 

SEB), and toxic shock syndrome toxin-1 (TSST-1) (Leung et al. 1998, Manders et al. 

1998). These superantigenic toxins not only activate T-lymphocytes, but have also been 

proposed to support the persistence of the disease by directly influencing keratinocytes 

to release TNF , as previously shown in cultured HaCaTs and primary keratinocytes 

(Leung et al. 1995, Ezepchuk et al. 1996). Studies could investigate the effect of T-

lymphocyte activation using toxins isolated from patients with AE and assess their effect 

on keratinocytes in co-cultures. It is worth recognising that although superantigenic 

stimuli like SEB, can significantly increase in FasL expression of CD4/ T-lymphocytes 

resulting in apoptosis of target EA.hy926 endothelial cells in co-culture, other apoptosis 

inducing factors may be activated by increasing expression of apoptosis-promoting 

protein TIA-1, granzyme B, or Apo-2 ligand, thereby mediating apoptosis by non-

Fas/FasL pathways (Urayama et al. 1997). 

 

 

8.2  Growth factors protected keratinocytes from T-lymphocyte 

induced apoptosis  
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The results from Chapter 6 demonstrated that a combination of insulin-like growth 

factor-1 (IGF-1) and transforming growth factor 1 (TGF 1) was able to prevent T-

lymphocyte induced HaCaT keratinocyte apoptosis. The HaCaT morphology seemed 

unaltered and the intercellular adhesions between cells and the monolayer appeared 

intact after co-culture with growth factors. This is particularly important as impairment 

of the barrier function is a major consequence in AE, despite this, there are currently no 

treatments for this disease that aim to protect or maintain the barrier function of the skin. 

Although the studies described in this thesis did not specifically examine the effect of T-

lymphocytes and growth factors on keratinocyte barrier function, it is also worth noting 

that the data and observations presented indicate that IGF-I and TGF  may have helped 

maintain the barrier function of the monolayer in culture. Future experiments 

investigating trans-epithelial resistance of the monolayer would be required to 

understand these effects more clearly. 

 

It was demonstrated here that the cell survival and preservation of the monolayer was 

attributed to a direct effect on the keratinocytes as the growth factors did not affect the 

viability of T-lymphocytes in co-culture. Although TGF 1 is known to induce 

lymphocyte apoptosis (Bommireddy et al. 2003, Chung et al. 2000, Lomo et al. 1995, 

Sillett et al. 2001), the T-lymphocytes may have survived in co-culture due to the 

opposing effects of IGF-1, which has been shown to promote the survival of cord blood 

T-lymphocytes in culture (Tu et al. 2000).  
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In contrast to the effect of the IGF-I and TGF 1 combination on HaCaTs, preliminary 

studies with primary keratinocytes demonstrated that IGF-1 alone and not TGF 1, was 

capable of preventing T-lymphocyte induced apoptosis. Whilst HaCaTs share many 

features of differentiation with normal keratinocytes (Boukamp et al. 1988, Schoop et al. 

1999), they are an immortalised and genetically abnormal cell line (Boelsma et al. 1999, 

Boukamp et al. 1988). Besides the inactivation of both p53 alleles in HaCaTs (Lehman 

et al. 1993), other apoptosis related differences between HaCaTs and primary 

keratinocytes have been reported, including evidence of a differential response to TGF  

(Chaturvedi et al. 1999). The authors proposed that these discrepancies may be 

attributed to defective NF-  signalling, which is involved in regulation of apoptosis and 

survival of keratinocytes (Chaturvedi et al. 2001, Qin et al. 1999).  

 

8.2.1 Growth factors effects Fas  

Despite the differential response between HaCaTs and NHEKs to TGF 1, the 

mechanism by which IGF-1 alone or together with TGF 1 protects keratinocytes from T-

lymphocyte induced apoptosis were further addressed in this study. In the first instance, 

the effect of growth factors on IFN  induced Fas levels was examined, given that it was 

demonstrated here and by others to be a key mediator of T-lymphocyte–induced 

keratinocyte apoptosis (Trautmann et al. 2000a). IGF-1 and TGF 1 were able to decrease 

IFN  induced keratinocyte Fas expression and to suppress the release of IFN  in co-

cultures. This outcome suggested that treatment with growth factors may render 

keratinocytes to be less susceptible to T-lymphocyte induced FasL mediated apoptosis. 
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This was found not to be the case however, as IGF-1 alone or in combination with 

TGF 1 did not decrease T-lymphocyte induced keratinocyte Fas. 

 

The inability of growth factors to suppress Fas expression induced by T-lymphocytes 

indicated that survival was potentially acting on targets downstream of Fas. The 

activation of growth factor receptors has been shown to affect the functional state and 

pattern of expression of survival proteins from the Bcl-2 family (Jost et al. 1999). For 

instance, there is convincing evidence suggesting that epidermal growth factor receptors 

(EGFR) activation increases keratinocytes survival by modulating Bcl-xL expression 

(Sibilia et al. 2000). Yet, although the specific intracellular pathway mediating the 

inhibition of apoptosis in growth factor treated keratinocytes were not investigated in 

this thesis, the means by which TGF  or IGF-1 independently can prevent apoptosis of 

human epidermal keratinocytes has been the subject of previous work (Heron-Milhavet 

et al. 2001, Kuhn et al. 1999, Shin et al. 2001).  

 

8.2.2 Potential pathways mediating keratinocyte survival induced by growth 

factors  

Two potential pathways are proposed to explain how growth factors may protect 

keratinocytes from T-lymphocyte induced apoptosis and are illustrated in Figure 8.1. 

These pathways suggest a potential link between extracellular growth factor signals and 

intracellular mechanisms of keratinocyte survival. The first pathway involves the 

production of the second messenger phosphatidylinositol 3,4,5-trisphosphate (PIP3), 

which delivers signals from the cell surface to the cytoplasm to activate the kinase 3-
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phosphoinositide-dependent protein kinase-1 (PDK1) (Xie et al. 2005). PDK1 in turn 

activates the kinase Akt also known as PKB (Protein Kinase-B) (Decraene et al. 2002, 

Shin et al. 2001). Once activated, Akt can promote cell survival by phosphorylation and 

inactivation of pro-apoptotic Bad protein, through binding to proteins of the 14-3-3 

family (Hekman et al. 2006). Phosphorylated Bad causes a dissociation of the Bad/Bcl-

xl complex, allowing cell survival (Hekman et al. 2006) (Figure 8.1 a). Similarly,  
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phosphorylation of the protease caspase 9 or forkhead transcription factors by Akt could 

also inhibit the induction of apoptosis (Linseman et al. 2002) (Figure 8.1 a).  

 

Figure 8.1 b illustrates the second potential mechanism for survival involving the 

mitogen-activated protein kinase (MAPK) pathway, which also plays an important role 

in growth factor mediated survival, as demonstrated in keratinocytes overexpressing 

IGF-IR (Heron-Milhavet et al. 2001). In this pathway, growth factor receptor activation 

results in subsequent Ras and Raf activation by a series of complex changes in 

phosphorylation, protein-protein interactions, and protein-lipid interactions (Yuryev & 

Wennogle 1998). Activated Raf, can in turn activate MEK. MEK phosphorylates the 

MAP kinase ERK (extracellular-signal-regulated kinase) into two residues resulting in 

activation of the pro-survival molecule CREB and inactivation of proapoptotic Bad 

(Bonni et al. 1999, Neithardt et al. 2006, Perkinton et al. 2002). Essentially, both 

pathways could influence the balance of pro-apoptotic and anti-apoptotic regulators in 

favour of keratinocyte survival. 

 

8.3  T-lymphocyte induced early keratinocyte differentiation 

 

8.3.1 Loss of 6 integrin by apoptotic keratinocytes  

The results in Chapter 5 demonstrate that T-lymphocytes can initiate the onset of 

keratinocyte differentiation. The induction of keratinocyte differentiation was 
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determined by measuring changes in 6 integrin expression. Anchorage of basal 

keratinocytes by integrins to the basement membrane extracellular matrix proteins such 

as laminins, is essential for the structural integrity of the skin (Lanschuetzer et al. 2003). 

Integrins can further regulate the functional differentiation of epithelial cells in culture 

and in vivo (Adams & Watt 1993) and have previously been shown to be implicated in 

linking the extracellular matrix to keratin intermediate filaments (Borradori & 

Sonnenberg 1999, Stepp et al. 1990). Once keratinocytes begin to differentiate, they 

detach from the basement membrane after losing their integrin expression and migrate 

upwards through the suprabasal layers of the epidermis and eventually they are sloughed 

from the outer skin layers as dead squames (Li et al. 1998, Webb et al. 2004). The 

findings from this thesis demonstrated that keratinocytes in culture were normally high 

expressors of 6-integrin, however when co-cultured with T-lymphocytes, 6 

expression decreased, consistent with the induction of early keratinocyte differentiation 

(Kaur & Li 2000, Li & Kaur 2005, Webb et al. 2004). Furthermore, co-staining 

experiments demonstrated that the apoptotic keratinocytes were also the differentiating, 

low expressors of 6-integrin. Thus, it may be postulated that T-lymphocytes cause 

cultured keratinocytes to lose resistance to apoptosis by loss of adhesion and induction 

of differentiation. This hypothesis is supported by the highly apoptotic basal 

keratinocytes observed by TUNEL staining, of the detached epidermis from 6-integrin 

deficient mice embryos (DiPersio et al. 2000). Similar to keratinocytes, melanocytes 

also bind to laminin molecules of the basement membrane via the integrins such as 3 1 

and 6 1 (Krengel et al. 2005). UVB light has also been shown to induce apoptosis of 

melanocytes along with down-regulation of 6-integrin (Krengel et al. 2005). A 
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proposed relationship between apoptosis induction and loss of integrin adhesion was 

demonstrated by the respective authors as selective down-regulation of 6-integrin and 

no effect on other adhesion molecules such as E-, N-cadherin, 2-, 3-, 5-, V-, 1-, 

3-integrins or ICAM-1 was shown. This in turn altered the interaction between 

melanocytes and the basement membrane, resulting in apoptosis and cell detachment. 

 

8.3.2 6 integrin mediated survival of keratinocytes  

It has been previously proposed by Norris et al. that the basal layer of the epidermis is 

resistant to apoptosis due to basal cells having highly developed anti-apoptotic defences 

(Norris et al. 1997). Undifferentiated basal keratinocytes have been shown to be 

resistant to UV induced apoptosis by constitutively expressing higher levels of anti-

apoptotic members of the Bcl-2 family (Delehedde et al. 1999, Hendrix et al. 1998). It 

has also been suggested that basal keratinocytes can prevent apoptosis via a pro-survival 

function of integrins (Dowling et al. 1996, Norris et al. 1997). Interestingly, these 

defences appear to be decreased during differentiation (Norris et al. 1997). 

 

The relationship between integrins, such as 6, and cell survival has been also 

demonstrated in other epithelial cells including normal breast epithelium and ovine 

granulosa cells where cell survival, growth and proliferation were shown to be 6 or 

6 1 integrin dependent (Howlett et al. 1995, Le Bellego et al. 2005). Survival via 6 is 

mediated by binding to extracellular matrix molecules such as Laminin 5 (Ryan et al. 

1999). A Laminin rich basement membrane but not collagen, was shown to be able to 

prevent primary mammary epithelial cells apoptosis (Farrelly et al. 1999, Pullan et al. 
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1996), indicating that survival signals were specific to the attachment of integrin 

receptors. These reports support the notion that keratinocytes need to adhere to the 

extracellular matrix for survival. In culture, keratinocytes have been shown to produce 

extracellular matrix proteins which serve as putative ligands for integrins (Larjava et al. 

1993, Nickoloff et al. 1988). As consequence the adhesion of keratinocytes in culture to 

the endogenous extracellular matrix, is mediated by 6 and promotes keratinocyte 

proliferation and migration together with the formation of a confluent monolayer 

(Larjava et al. 1993). This is consistent with the migrating keratinocytes in wound 

healing (Larjava et al. 1993). 

 

The novel finding that T-lymphocytes promoted the induction of keratinocyte terminal 

differentiation raises a number of questions. The key is whether the pathways mediating 

keratinocyte death and differentiation are independent, as previously suggested by 

Gandarillas et al (Gandarillas et al. 1999). Given that T-lymphocyte induced Fas 

mediated keratinocyte apoptosis was shown to occur most readily in 6-dim expressing 

cells being the early differentiating cells, these two pathways could be more closely 

related than currently thought. Perhaps 6 could be considered as a potential therapeutic 

target for treatment of inflammatory diseases. Although the detailed mechanism 

mediating these effects was beyond the scope of this study, future studies aimed at 

understanding the mechanisms resulting in death and differentiation of keratinocytes 

will help to answer some of these questions as well as confirm the role 6 integrin in this 

process. However based on the data presented, it can be postulated that T-lymphocytes 

may cause cultured keratinocytes to lose resistance to apoptosis by loss of integrin 



 245 

expression and subsequent induction of differentiation. The onset of keratinocyte 

differentiation may result in keratinocytes being more susceptible to death induced by T-

lymphocyte associated FasL and activation of the Fas death pathway. In light of these 

findings, it may be hypothesised that the increased keratinocyte susceptibility to death 

induced by T-lymphocytes in vitro may be due to both increased Fas expression and 

reduced anti-apoptotic defences as the cells are induced to differentiate. 

 

8.4  Growth factor mediated keratinocyte survival  

 

Studies performed in this thesis demonstrated that the decrease in T-lymphocyte induced 

keratinocyte apoptosis by IGF-1 and TGF 1 was associated with preservation of 6 

integrin expression. This novel finding would suggest that these growth factors were 

able to reduce the susceptibility to T-lymphocyte induced apoptosis, potentially by 

preventing keratinocytes from entering terminal differentiation.  

 

The importance of integrins in cell survival and the effect of IGF-1 and TGF 1 observed 

in the studies reported in this thesis implies that IGF-1 and TGF 1, and subsequent 

activation of their receptors, may cooperate together with integrins to mediate survival 

signalling in keratinocytes. This concept is supported by work performed in normal 

mammary epithelial cells, which demonstrate that tyrosine phosphorylation of insulin, 

IGF-I or IGF-II receptors, led to subsequent PI3K mediated survival (Farrelly et al. 

1999). Furthermore, the authors demonstrated that PI3K followed by Akt activation 
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required specific adhesion to the basement membrane via 6 and 1 subunits. Thus 

integrins appear to mediate IGF-1 survival signals in epithelial cells. Based on this 

evidence and the work presented in this thesis, the protection of keratinocytes from T-

lymphocyte induced apoptosis by growth factors appears to be facilitated by 6 

mediated activation of the downstream survival signalling pathway. Despite the 

differential response between HaCaTs and NHEKs to the TGF 1, it can also be 

concluded that keratinocytes undergo Fas-dependent apoptosis when released from the 

protection of integrin and are induced to differentiate by T-lymphocytes. However future 

studies aimed at understanding the mechanisms resulting in death and differentiation of 

keratinocytes will help confirm the role growth factors may have in keratinocyte 

survival. 

 

The role of integrins in T-lymphocyte mediate apoptosis of keratinocytes and the 

mechanisms by which specific growth factors regulate keratinocyte survival via 

integrins remains unclear. However Figure 8.2 illustrates a potential mechanism for 

growth factor mediated survival of keratinocytes challenged by T-lymphocytes. The 

proposed model would involve growth factor receptor activation of the focal adhesion 

kinase (FAK) pathway (Jost et al. 1999, Manohar et al. 2004). FAK together with 6 

integrin activation could mediate survival through interactions with signal transduction 

molecules such as PI3K and consequently stimulate the MEK/ERK signalling cascade 

(Eblen et al. 2002, Miyamoto et al. 1995). This would result in the subsequent inhibition 

of caspase-3 activity, and ultimately keratinocyte cell survival (Manohar et al. 2004) 

(Figure 8.2).  
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8.5  Application of thesis outcomes and future work  

 

The work presented in this thesis suggests that growth factor based treatments could help 

maintain the important barrier function of the skin by preventing T-lymphocyte induced 

keratinocyte apoptosis, which can result in increased invasion of allergens in AE. This 

outcome offers encouraging prospects for the development of growth factor based 

applications for treatment of inflammatory skin conditions.  

 

8.5.1 Growth factor based therapies as potential treatments for inflammatory 

skin disorders  

Although protection of keratinocytes in skin from T-lymphocyte induced apoptosis 

could be achieved by IGF-I alone, the use of anti-inflammatory agents would be 

necessary for the treatment of AE, since IGF-1 may also promote the survival of T-

lymphocytes (Tu et al. 2000). Although TGF 1 showed no effect in protecting primary 

keratinocytes from T-lymphocytes, the combination of IGF-1 and TGF  may still be 

beneficial in the clinical setting of AE, given the potential anti-inflammatory effects of 

TGF . It has been previously shown that TGF  plays an important role in modulating 

immune cell function and immune homeostasis (Bommireddy et al. 2003, Christ et al. 

1994, Kulkarni et al. 1993, Kulkarni & Karlsson 1993). It has been shown that TGF  

can reduce the airway hyperreactivity in acute lung injury by means of inhibiting T-

lymphocyte proliferation and regulating Th2-induced effects (Hodge et al. 2002, 
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Schramm et al. 2003). Recently it has been demonstrated that the increased levels of IL-

10 and TGF-  produced by T-regulatory cells (TReg) suppress IgE production and 

promote resolution of  allergic inflammation by suppressing allergen-specific activation 

of Th1 and Th2 cells, mast cells, basophils, and eosinophils in asthma in AE (Akdis et al. 

2005, Verhagen et al. 2006). Complementing these reports, TGF  has been shown to 

suppress inflammation in skin by promoting apoptosis of activated T-lymphocytes, as 

well as decreasing FasL expression on T-lymphocytes undergoing re-stimulation 

(Arnold et al. 1999, Sillett et al. 2001). There is also evidence to suggest that TGF  can 

inhibit T-lymphocyte differentiation by regulating the expression of GARA-3 on mature 

CD4+ cells (Gorelik et al. 2000), consequently preventing T-lymphocytes from 

secreting proinflammatory cytokines important in the early onset and development of 

chronic disease. In keratinocytes, TGF 1 is able to inhibit the expression of thymus and 

activation regulated chemokine (TARC/CCL17), which is responsible for recruiting 

CLA+CCR4+ T-lymphocytes to the skin (Sumiyoshi et al. 2003, Zheng et al. 2002), 

resulting in decreased infiltration of T-lymphocytes into the skin. As such, TGF  would 

be of most benefit during the acute inflammatory phase of the disease, to prevent the 

activation and recruitment of T-lymphocytes.  

 

The work in this thesis suggests that a combination of IGF and TGF  peptides could 

provide the greatest efficacy in AE by TGF  preventing the initial infiltration of T-

lymphocytes into the skin in the early phase of the disease, while IGF-I protects 

keratinocytes from T-lymphocyte induced apoptosis. The development of novel 

therapies containing IGF-I and TGF  could augment the effectiveness of current 
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treatments for AE such as corticosteroids, or reduce the reliance on these therapies and 

thus reduce the frequency and severity of adverse side effects. 

 

8.5.2 Milk derived growth factor based therapies as potential treatments for 

atopic eczema  

The production of recombinant growth factors is a difficult and expensive process. 

Alternatively, milk-derived growth factor preparations containing IGF-I and TGF  such 

as WGFE, may have an the advantage over recombinant proteins, due to the comparative 

ease and lower cost to produce, which makes it potentially more commercially viable. 

Results in Chapter 7 demonstrated that WGFE containing concentrations of growth 

factors equivalent to recombinant IGF-I and TGF , was indeed capable of protecting 

keratinocytes from T-lymphocyte induced apoptosis. Consistent with the results using 

recombinant growth factors, inhibition of keratinocyte apoptosis by WGFE was not 

attributed to changes in keratinocyte Fas expression. The mechanism of keratinocyte 

survival appears similar to that proposed for the recombinant growth factors, whereby 

activation of survival pathway by the growth factors present in the mixture, together 

with the involvement of an 6-integrin survival pathway, may result in the protection of 

the keratinocytes. 

 

Cell based and clinical studies provide evidence to support the anti-inflammatory 

properties of WGFE and its ability to stimulate repair of skin (Penttila et al. 2001, 

Rayner et al. 2000, Varelias et al. 2006). Whilst the action of WGFE may be attributed 

largely to the IGF I & II and TGF  content of the extract (Conlon & Tomas 2003), other 
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molecules present in WGFE may be mediating the action of WGFE (Belford et al. 1997). 

For instance, Betacellulin which accounts to about 50% of the growth promoting activity 

of WGFE (Dunbar et al. 1999), has also been demosntrated to have apoptotic inhibitory 

activity through enhanced Erk activation (Saito et al. 2004). As such, specific growth 

factor blocking antibody studies will need to be performed to verify whether the effect 

of WGFE seen here are attributed to the IGF-I and TGF  present in the mixture.  

 

Notwithstanding, Phase I clinical trials confirmed the safe use of WGFE for the 

treatment of patients undergoing high doses of BEAM chemotherapy, which resulted in 

the reduction of the duration and severity of oral mucositis in patients (Dyer et al. 2006, 

Prince et al. 2005). Supporting animal studies demonstrated that WGFE treatment 

resulted in significant reduced mucosal ulceration (Clarke et al. 2002) with the 

protective effects on the cheek mucosa attributed to the anti-proliferative  and anti-

microbial effects of WGFE. WGFE has also been shown to inhibit the production of 

TNF  by cultured macrophages (Dyer et al. 2006), which together with the inhibition in 

IFN  levels released in co-culture shown here, confirms that WGFE has strong anti-

inflammatory potential. Animal based studies by Howarth et al (Howarth et al. 1996) 

showed that oral administration of this growth factor extract ameliorated methotrexate-

induced damage in the small bowel of rats. This supports data by Tran et al and Porter et 

al, showing that WGFE improved the growth, adaptation, repair, and intestinal 

permeability of methotrexate induced gut damage in the rat and reduced colonic 

inflammation (Porter et al. 1998, Tran et al. 2003). In summary, this thesis proposes that 

WGFE may have beneficial properties based on its combination of anti-apoptotic and 
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anti-inflammatory effects, that are potentially provided by the growth factors in the 

mixture. Such evidence suggests that there is value in pursuing clinical applications 

using WGFE based treatments. 

 

Based on the evidence presented in this thesis and the supporting literature, growth 

factor treatments could potentially be used as a preventive treatment for AE and provide 

relief to many sufferers of the disease. Such growth factor based treatments could be 

used as adjuvants, reducing the required doses and reliance on current treatments 

available, particularly in cases of AE where immunosuppressive therapy is not 

recommended or not well controlled by topical steroids. Furthermore, given that the 

growth factor treatments protect the basal keratinocytes, it would be interesting to 

determine if these agents could be used for treating other skin conditions where basal 

keratinocytes become the target of T-lymphocytes such as in toxic epidermal necrolysis 

(TEN). TEN is characterized by blistering and peeling of the epidermis as a result of 

FasL mediated basal keratinocyte apoptosis induced by inflammatory T-lymphocytes 

consequently leading the cells to become detached from the basement membrane (Abe et 

al. 2003, Viard et al. 1998).  

 

Finally, this thesis provides support for further research into the development of growth 

factor based therapies for treating AE, with particular emphasis on alternative sources of 

growth factors such as those shown in this thesis that are derived from milk. These been 

readily available, safe for use on humans and more commercially viable than 
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recombinant forms and ultimately offering the opportunity for a better quality of life to 

the 10-15% of children worldwide currently living with atopic eczema.  
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8.6  Conclusion 

 

In conclusion, an in vitro T-lymphocyte and keratinocyte cell model was established, which 

was shown to mimic T-lymphocyte induced apoptosis of keratinocytes occurring in AE in 

vivo. The co-culture model established allowed the characterisation of the Fas associated 

mechanisms by which T-lymphocytes induce keratinocyte apoptosis and also provided a 

greater insight into the biology of keratinocyte cell death. T-lymphocytes were shown to 

induce early keratinocyte differentiation by loss of 6-integrin expression. This novel 

finding could point to a potential mechanism for death and survival, whereby decreased 6 

expression may explain the loss of anti-apoptotic defences by keratinocytes. The work 

presented in this thesis supports the hypothesis that growth factors such as IGF-I and TGF 1 

can protect keratinocytes from T-lymphocyte induced apoptosis. Studies performed in this 

thesis demonstrated that the decrease in T-lymphocyte induced keratinocyte apoptosis by the 

growth factor treatments was associated with maintenance of 6 expression by the 

keratinocytes. This finding suggested that these IGF-I and TGF 1 can reduce the 

susceptibility of keratinocytes to T-lymphocyte potentially by preventing them from 

entering terminal differentiation. The effects of IGF-I and TGF 1 in co-culture comprise of 

anti-apoptotic and potentially anti-inflammatory action, which suggests that specific growth 

factor combinations may ameliorate the reduced barrier function and inflammation 

associated with skin conditions where T-lymphocyte mediated apoptosis is involved in the 

pathology such as atopic eczema. Finally, this thesis provides evidence which may be used 

as a foundation for further investigation into the possible use of growth factor based 

therapies as an alternative approach for the treatment of atopic eczema.  
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Appendix 1. Primary T-lymphocyte profile.
Surface marker expression of T-lymphocytes was analysed by flow cytometry. (a
and b) blue histogram represents CD3 staining of CD4+ and CD4 depleted T-
lymphocytes respectively. (c and d) aqua histogram represents CD4 staining of
CD4+ and CD4 depleted T-lymphocytes respectively. (e and f) aqua histogram
represents CD8 staining of CD4+ and CD4 depleted T-lymphocytes respectively.
Histograms are a representation of 3 separate experiments. Black histogram
represents staining of an isotype-matched control Ab
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Appendix 2. T-lymphocyte size exclusion by FACS.
(a) HaCaT controls and (b) HaCaTs and T-lymphocytes in co-culture were gated
based on size and light scatter properties by flow cytometry. HaCaT apoptosis was
detected on cells in gate “A” excluding T-lymphocytes in gate “B”.
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Appendix 3

Appendix 3. Effect of FBS Titration on HaCaT apoptosis or necrosis and effect
of sodium butyrate on HaCaT apoptosis. (a) Untreated HaCaTs or (b) sodium
butyrate treated HaCaTs were incubated with 0.1 – 10% FBS for 24 hr. HaCaTs
were stained with Annexin V and PI and analysed by flow cytometry. The results
indicate that increasing concentration of FBS decreased apoptosis and necrosis of
HaCaTs in 24 hr culture. Lowering the concentration of FBS, increased sensitivity of
HaCaTs to sodium butyrate induced apoptosis.

(a)
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Appendix 4. Effect of mitogen activation on Jurkat T-lymphocyte activation
and FasL expression. CD25 and FasL expression by Jurkat T-lymphocytes was
analysed using flow cytometry. (a - c) CD25 expression of unactivated (red
histogram) ConA (10ug/ml), or PHA (10ug/ml), or PMA (10ng/ml) activated Jurkat T-
lymphocytes (blue histogram respectively). (d - e) FasL expression of unactivated
(red histogram) ConA (10ug/ml), or PHA (10ug/ml), or PMA (10ng/ml) activated
Jurkat T-lymphocytes (blue histogram respectively). Results indicate 10ng/ml PMA
was the most efficient mitogen for inducing Jurkat T-lymphocyte activation and FasL
expression.
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Appendix 5. PBMC resting profile.
Surface molecule expression of PBMCs was analysed by flow cytometry. PBMCs
were isolated from flesh blood as described in Methods section 2.3.4 a and stained
with markers as described in Methods section 2.5.2.  The grey histogram represents
surface marker expression by unstimulated PBMCs as indicated in each plot. The
unfilled histogram represent staining with an isotype-matched control Ab.
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Appendix 6 a

Appendix 6 a. PMA and ionomycin induced activation of CD4+ T-lymphocytes
and CD4 depleted PBMCs . Phase contrast microscopy of (a, d) untreated CD4+
T-lymphocytes and CD4 depleted PBMCs respectively, (b, e) PMA (10ng/ml)
treated CD4+ T-lymphocytes and CD4 depleted PBMCs respectively and (c, f) PMA
(10ng) + ionomycin 0.5ug treated CD4+ T-lymphocytes and CD4 depleted PBMCs
respectively for 48hr. The increase in aggregation by PMA and PMA + ionomycin
are indicative of activation. (h) CD25 expression of untreated (red histogram) or
PMA and ionomycin treated CD4 depleted PBMCs; blue histogram. The black
histogram represents staining of an isotype-matched control Ab.

(b)(a) (c)

(d) (e) (f)

(h)
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Appendix 6 b. PMA and ionomycin activation of CD4+ T-lymphocyte and CD4
depleted PBMCs induced HaCaT apoptosis in co-culture. HaCaT were co-
cultured with T-lymphocytes and different mitogen combinations for 48hr. HaCaTs
were stained with Annexin V and PI and analysed by flow cytometry. These studies
showed that whist activation of 1 x 106 CD4+ T-lymphocytes or CD4 depleted PBMCs
with PMA (10ng/ml) or combination of PMA and ionomycin (0.5ug/ml) both induced
significant apoptosis, PMA and ionomycin induced a higher level of HaCaT apoptosis
than PMA alone. Values represent the percentage of apoptotic cells mean ± SEM
from 3 independent experiments. The data was analysed using one-way analysis of
variance (ANOVA) with significance compared to controls shown (*p<0.001).
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Appendix 7 a

Appendix 7 a. Effect of PMA and ionomycin co-culture on HaCaT cell
morphology and nuclear fragmentation. (a) Phase contrast microscopy of
untreated HaCaTs, (b) HaCaT controls incubated with PMA and ionomycin, (c-f)
HaCaTs co-cultured with 5x104, 1x105, 5x105 and 1x106 PMA and ionomycin
activated CD4 depleted PBMCs for 48hrs respectively. Increasing the numbers of
CD4 depleted PBMCs, resulted in a progressive increase in HaCaT cell shrinkage,
membrane blebbing, cell separation indicative of loss of inter-cellular connections, the
number of cell detached from culture plate. (g) HOESCHT 33342 fluorescent staining
of control HaCaTs and (h) HaCaTs incubated with 5x105 activated PMA and
ionomycin for 48hrs, arrows point to fragmented nuclei. Scale bar represents 100µm
for the phase contrast images and 10µm for the HOESCHT 33342 images.

b)a)
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h)g)
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Appendix 7 b.  Effect of CD4+ depleted PBMCs on HaCaT apoptosis and Fas
expression. (a) Annexin V and propidium iodide stained HaCaT controls incubated
with PMA and ionomycin and HaCaTs co-cultured with 5X104, 1X105, 5X105 and 1X106

PMA and ionomycin activated CD4 depleted PBMCs for 48hrs. Co-culture caused a
PBMC number dependent increase in the number of HaCaTs induced to undergo
apoptosis. Bar graphs represent the percentage of apoptotic cells mean ± SEM of 3
independent experiments. The data was analysed using one-way analysis of variance
(ANOVA) with significance compared to control shown (*p<0.05).(b) Fas expression by
control HaCaTs (green histogram) and HaCaTs co-cultured with activated T-
lymphocytes (yellow histogram) was analysed using flow cytometry after 48hr co-
culture. Compared to Fas expression by control HaCaTs (green histogram), CD4
depleted PBMCs caused a marked increased in HaCaT Fas expression. The black
histogram represents staining of an isotype-matched control Ab. Histograms are a
representation of 3 separate experiments.
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Appendix 8. HaCaT IGF-IR expression.
Surface IGF-IR expression of HaCaTs was analysed by flow cytometry. 100% of
HaCaTs were shown to express IGF-RI (orange histogram). The unfilled histogram
represent staining of an isotype-matched control Ab.
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Abstract Apoptosis of keratinocytes is a key mechanism
required for epidermal homeostasis and the renewal of dam-
aged cells. Its dysregulation has been implicated in many
skin diseases including cancer and hyperproliferative disor-
ders. In the present study, the effect of sodium butyrate, a
histone deacetylase inhibitor, on keratinocyte apoptosis was
investigated using the HaCaT human keratinocyte cell line.
Sodium butyrate induced morphological changes associated
with apoptosis and nuclear fragmentation of HaCaTs. An-
nexin V staining demonstrated that sodium butyrate induced
apoptosis in a dose and time-dependent manner with 50%
of HaCaTs apoptotic after exposure to 0.8 mg/ml sodium
butyrate for 24 h. Apoptosis was associated with upregula-
tion of cell surface expression of the death receptor Fas and
activation of the extrinsic caspase pathway, with induction
of caspase 8 activity peaking after 8 h. Caspase 3 activity
peaked after 24 h and was associated with cleavage of the
caspase 3 substrate, poly (ADP-ribose) polymerase (PARP).
The intrinsic caspase pathway was not activated as caspase 9
activity was not detected, and there was no change in the ex-
pression of terminal differentiation markers keratin 10 and
involucrin following sodium butyrate treatment. Together
these results indicate that sodium butyrate is a potent in-
ducer of Fas associated apoptosis via caspase activation in
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HaCaT keratinocytes, an effect that is independent of the
induction of terminal differentiation.
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Introduction

Skin barrier function is an important feature of normal
epidermis and is dependent on stratification of the epider-
mal layer and proper development of the protective stratum
corneum via terminal differentiation of keratinocytes [1]. In
order to preserve this protective function in normal skin,
keratinocyte proliferation, differentiation and cell death are
tightly coordinated within the epidermis. However, a num-
ber of stimuli such as ultra-violet (UV) radiation and in-
flammation can disrupt the integrity of the epidermis by
inducing apoptosis or programmed cell death [2–4]. It is
generally considered that keratinocyte apoptosis has evolved
to ensure the removal of damaged cells, particularly the re-
moval of cells with unrepairable DNA damage caused by
UV radiation that could ultimately result in skin cancers
[5]. Although they result in the same end-point, terminal
differentiation and apoptosis are morphologically distinct
processes.

Terminal differentiation in keratinocytes can be consid-
ered a developmentally associated form of cell death that,
like apoptosis, results in the loss of the nucleus, mitochon-
dria and ribosomes but, unlike apoptosis, does not result
in DNA fragmentation [6, 7]. In addition, terminally dif-
ferentiating keratinocytes synthesize keratin proteins (kera-
tinization) which is important for the maintenance of skin
barrier function and clearly not a feature of cells undergoing
apoptosis [8].
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Given that apoptosis is necessary to remove damaged
keratinocytes from the epidermis, it is not surprising that
a number of cutaneous disease states are associated with a
dysregulation of the apoptotic process. Most notably the de-
velopment of non-melanoma skin cancers have been linked
to inhibition of apoptosis, via the expression of the apop-
tosis inhibitor survivin [9] or by suppression of p53 levels
[10]. Whilst reduced p53 activation and increased survivin
have also been implicated in the epidermal hyperplasia seen
in psoriasis [10, 11], premature cell death and accelerated
keratinization also occur, making psoriatic plaque forma-
tion a complex, multi-factorial process [12]. Moreover the
overexpression of differentially expressed apoptosis regu-
latory proteins such as Bcl-2 family members in psoriasis,
non melanoma skin cancers and squamoproliferative lesions
(i.e. Bowen’s disease, keratoacanthomas) may contribute to
the longevity of cells by blocking the normal apoptotic pro-
cess of epidermal keratinocytes [13, 14]. Agents known to
induce apoptosis via Fas, such as histone deacetylase in-
hibitors (HDI’s) like sodium butyrate and trochostatin A,
have been recognised as potent anti-tumor agents [15, 16]
and potential topical treatments for epidermal malignancies
in keratinocytes [17, 18].

Sodium butyrate is a short chain fatty acid that regu-
lates proliferation, differentiation and apoptosis of colonic
epithelial cells [19, 20]. HDI’s such as sodium butyrate
have been shown to potentiate Fas-mediated apoptosis in
breast cancer and colon cancer cell lines, with antagonism
of Fas found to inhibit butyrate induced caspase activation
and apoptosis [21–23]. Whilst these studies demonstrate that
Fas-dependent signalling and downstream activation of the
caspase cascade is involved in butyrate induced apoptosis
in a range of tumour derived cells, the effects of sodium
butyrate on keratinocytes has not been defined.

In this study, we have investigated the effect of sodium
butyrate on apoptosis and differentiation in the non-
tumorigenic keratinocyte cell line HaCaT. This cell line
demonstrates highly preserved epidermal characteristics and
normal differentiation [24, 25].

Materials and methods

Cell culture

The transformed human keratinocyte cell line HaCaT de-
rived from adult skin [24], was grown to 70–80% confluence
in 6 well plates (unless otherwise indicated) before treatment
with sodium butyrate for up to 72 h. HaCaTs were cultured
in Dulbecco’s Modified Eagle’s medium (DMEM) contain-
ing 0.1 mg/ml streptomycin, 100 U/ml penicillin (both from
GIBCO, Auckland, NZ) and supplemented with 10% fetal

bovine serum (FBS; Thermotrace, Melbourne, AU). The cul-
tures were maintained in 5% CO2 in a 37◦C incubator.

Flow cytometry

(a) Cell viability and apoptosis. Two-colour flow cytom-
etry was used to assess keratinocyte viability, apoptosis
and necrosis. A key characteristic of early apoptosis is the
translocation of phosphatidylserine (PS) from the inner to
outer membrane leaflet of the plasma membrane. Annexin V
(BD Biosciences, San Jose, CA), is a PS binding protein and
was used to detect apoptotic cells, while the nuclear stain,
propidium iodide (PI) (Sigma Chemicals, St. Louis, MO),
was used to identify late apoptotic or necrotic cells. Ha-
CaT cells were treated with sodium butyrate (BDH, Poole,
England) at doses ranging from 0.08–0.8 mg/ml. After incu-
bation for up to 72 h, the adherent cells were collected by
incubating with trypsin (0.25%)-EDTA (GIBCO, Auckland,
NZ) and pooled with the non-adherent cells. The cells were
washed twice with phosphate-buffered saline pH 7.4 (PBS)
and 1 × 105 cells/ml were incubated with Annexin V-FITC
(1 µg/ml) and PI (5 µg/ml) in binding buffer (10 mM Hepes
pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) for 15 min at room
temperature in the dark. Samples were analysed within 1 h of
staining using an Epic Elite ESP Beckman Coulter flow cy-
tometer. Quadrant markers were set on dotplots of unstained
cells (viable cell population) and then subsequently applied
to other samples.

(b) Fas expression. HaCaTs were treated with 0.8 mg/ml
sodium butyrate for 24 h and cells collected using trypsin
(0.25%)-EDTA. 5 × 105 cells were washed with pre-chilled
buffer (PBS with 2% fetal bovine serum and 0.09% sodium
azide) centrifuged at 100 × g for 5 min at 4◦C and after
blocking with 10% fetal bovine serum for 15 min, cells
were stained with anti-Fas monoclonal antibody (R&D Sys-
tems, Minneapolis, US) for 30 min at 4◦C. Duplicate samples
were stained with IgG isotype matched control antibody (BD
Pharmingen, San Diego, CA). Cells were subsequently in-
cubated with FITC-conjugated antimouse antibody (Sigma
Chemical) for 30 min followed by fixation with 1xFACS
Lysing Solution (BD Biosciences, San Jose, CA) at RT. Cells
were resuspended in sterile saline solution (0.9% NaCl) fol-
lowed by analysis using an Epic Elite ESP Beckman Coulter
flow cytometer.

(c) Differentiation marker expression. HaCaTs were treated
and harvested as described in Section (b) above. Cells were
permeabilised using FACS-Perm (BD Biosciences San Jose,
CA) for 15 min at RT before blocking with 10% fetal bovine
serum. Cells were stained with either anti-K14, or anti-K10
monoclonal antibodies (Neomarkers, Fremont, CA), or with

Springer



Apoptosis (2006) 11:1379–1390 1381

anti-Involucrin polyclonal antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) for 30 min at 4◦C. Duplicate samples
were stained with IgG isotype matched control antibody (BD
Pharmingen, San Diego, CA). Cells were subsequently incu-
bated with the appropriate biotin-conjugated antibody (Vec-
tor Laboratories, Burlinghame, USA) for 30 min followed by
incubation with phycoerythrin (PE)-conjugated streptavidin
(BD Biosciences, San Jose, CA) for a further 30 min in the
dark. Cells were fixed with 1xFACS Lysing Solution (BD
Biosciences, San Jose, CA), resuspended in sterile saline so-
lution (0.9% NaCl) and analysed using an Epic Elite ESP
Beckman Coulter flow cytometer.

DNA fragmentation and cell morphology

The effect of sodium butyrate on cell morphology was as-
sessed by phase contrast microscopy in all experiments prior
to the preparation of the HaCaT cells for the measurement
of apoptosis by flow cytometry. Phase contrast images were
collected using a Nikon Eclipse TE2000-U microscope. To
assess the effect of sodium butyrate on nuclear condensa-
tion, cells from parallel cultures were stained with the dye
HOECHST 33342. HaCaT cells were plated into 24 well tis-
sue culture plates for these experiments and after treatment
for the required time the cells were washed with PBS, fixed
with 4% buffered formaldehyde for 15 min at room tempera-
ture and stained with 1 µg/ml HOECHST 33342 dye (Sigma
Chemicals) for 15 min in the dark. Stained cells were eval-
uated using a Nikon inverted fluorescent microscope fitted
with a DAPI filter.

Caspase activity assay

Caspase 3, 8 and 9 activity was measured in protein extracts
by measuring the capacity of the sample to cleave a sub-
strate specific for each caspase resulting in the release of
the fluorogen AFC. The peptides include caspase 3 substrate
IV (DEVD-AFC), caspase 8 substrate II (IETD-AFC) and
caspase 9 substrate I (LEHD-AFC), all from CalBiochem,
La Jolla, CA. Protein was extracted from control and sodium
butyrate treated HaCaTs by lysing the cells with NP40 lysis
buffer (5 mM Tris-HCL pH 7.4, 5 mM EDTA pH 8.0, 0.5%
NP40; Sigma Chemical) for 15 min. The wells were scraped
and the insoluble material pelleted at 13,400 × g for 15 min at
4◦C. A 50 µl aliquot of the cell lysate was tested for caspase
activity by incubation with 1 ml of protease buffer (50 mM
HEPES, 10% Sucrose, 0.1% CHAPS pH 7.4), supplemented
with 10 mM DTT and containing 8 µM of the relevant fluo-
rogenic substrate, for 24 h at room temperature in the dark.
The release of AFC was quantified by measuring the fluo-
rescent emission at 490 nm (excitation 400 nm) for caspases
3 and 8 and at 460 nm (excitation 400 nm) for caspase 9 us-

ing a Perkin-Elmer LS50 spectrofluorimeter. A fluorescence
unit of 1 was determined as the equivalent to the amount of
caspase required to produce 1 pmol of AFC/min at 25◦C.
In some experiments the caspase 3 inhibitor DMQD-CHO
(CalBiochem, La Jolla, CA) was used. HaCaTs were pre-
treated with DMQD-CHO for 24 h, with fresh DMQD-CHO
added to the media at the same time the cells were treated
with sodium butyrate.

Western blotting

Cells were incubated in lysis buffer (10% sodium dodecyl
sulfate, 170 mM TrisHCl, 22% glycerol) containing pro-
tease inhibitor cocktail set 1 (CalBiochem, La Jolla, CA)
for 15 min. The wells were scraped and insoluble mate-
rial was pelleted at 13,400 × g for 5 min at 4◦C. Protein
concentration was calculated using the Bradford method as
per manufacturer’s instructions (Bio-Rad Hercules, USA).
Equal amounts of protein were loaded per well and elec-
trophoresed through a 15% agarose gel (Bio-Rad Hercules,
US) at 60 mA for 90 min. The proteins were transferred
onto a Hybond nitrocellulose membrane (Amersham Life
Sciences, Castle Hill, AU), which was blocked with 2%
powdered skim milk in PBS containing 0.05% Tween 20
(PBST) for 30 min at room temperature and then incubated
with mouse anti-caspase 3 monoclonal antibody (R&D Sys-
tems, Minneapolis, US) overnight at 4◦C. Membranes were
incubated with anti-mouse-HRP IgG (Vector Laboratories,
Burlingame, CA) for 1 h at room temperature. Poly (ADP-
ribose) polymerase (PARP) cleavage was assessed by prob-
ing with rabbit anti-PARP IgG (Santa Cruz, California, US)
overnight at 4◦C followed by anti-rabbit HRP IgG (DAKO
A/S, Denmark) for 1 h at room temperature. Fas expression
of cell lysates, was assessed using an anti-Fas monoclonal an-
tibody (R&D Systems, Minneapolis, US) overnight at 4◦C,
followed by incubation with anti-mouse-HRP IgG (Vector
Laboratories, Burlingame, CA) for 1 h at room tempera-
ture. Membranes were then soaked for 2 min in ECL West-
ern Blot reagent (Amersham Life Sciences, Sydney, AU)
and bands detected by autoradiography. Rainbow molecular
weight markers (Amersham Life Sciences, Sydney, AU)
were used for the determination of protein size.

Statistics

Each experiment was performed at least three times. Re-
sults are expressed as mean ± SEM. Apoptosis and caspase
activity data were analyzed by one-way analysis of vari-
ance (ANOVA) followed by post-hoc t-test using Dunnett’s
method (multiple comparisons versus the untreated con-
trol) or a Bonferroni modification (all-pairwise comparison).
When data was not normally distributed, a Kruskal-Wallis
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one-way ANOVA on ranks was performed. Data was con-
sidered to be statistically significant when p < 0.05.

Results

Sodium butyrate induces HaCaT apoptosis

To investigate the effect of sodium butyrate on human skin
cells, we cultured the HaCaT keratinocyte cell line with
increasing concentrations of sodium butyrate and assessed
apoptosis by flow cytometry. Early apoptotic cells were iden-
tified by positive Annexin V staining which binds with high
affinity to phosphatidylserine exposed on the cell surface.
Cells double stained with Annexin V and the nuclear stain
propidium iodide (PI) signified late apoptosis. Cells stained
with PI only represent necrotic cells. As shown in Fig. 1, most
HaCaTs incubated under control conditions (10% FBS) were
negative for Annexin or PI staining and were considered to be
viable cells (Fig. 1(a)). However, when the cells were treated
for 24 h with increasing concentrations of sodium butyrate
(0.08, 0.4 and 0.8 mg/ml), there was a concomitant increase
in cells induced to undergo apoptosis. This is shown by the
dose dependent increase in cells found in the early apoptotic
(EA; Annexin V positive/PI negative) and late apoptotic (LA;
Annexin V positive/PI positive) quadrants (Fig. 1(b–d)). De-
spite the effect of butyrate on apoptosis, there was only a
slight increase in the number of necrotic cells (N; Annexin
V negative/PI positive).

The percentage of apoptotic cells (EA and LA) in-
creased significantly when HaCaTs were treated with 0.4
and 0.8 mg/ml butyrate for 24 h (p ≤ 0.05 Fig. 1(e)). Com-
pared to 8% of cells in control cultures, 46% of cells treated
with 0.8 mg/ml butyrate were apoptotic with a concomitant
decrease in the percentage of viable cells also found to be
significant (Fig. 1(e)). The temporal induction of apopto-
sis was investigated using the most effective concentration
of sodium butyrate (0.8 mg/ml). Apoptosis was significantly
increased by 18 h, with 66% of the total cell population found
to be apoptotic after 72 h (Fig. 1(f)). Although necrosis did
not change in the first 48 h, 15% of cells were necrotic after
72 h however this was not significantly different to untreated
controls (Fig. 1(f)).

Analysis of HaCaT cell morphology demonstrated that
sodium butyrate treated cells appeared shrunken, displayed
fewer intercellular connections, and a greater number of cells
were detached from the culture plate after 24 h (Fig. 2(c) and
(e)) compared to control cultures (Fig. 2(a)). Apoptotic bod-
ies were also evident (Fig. 2(e) arrow), with the effect of
sodium butyrate on nuclear fragmentation assessed in paral-
lel cultures using the HOESCHT 33342 nuclear stain. Figure
2(b) shows minimal nuclear staining in controls, whereas

HaCaTs treated with 0.8 mg/ml sodium butyrate showed in-
creased nuclear condensation and fragmentation (Fig. 2(d)
and (f)).

Sodium butyrate activates the caspase cascade

Activation of the caspase cascade is important for mediating
the induction of apoptosis via death receptors [26]. The ac-
tivity of initiator caspases 8 and 9 as well as the downstream
effector caspase 3 was measured in HaCaTs treated with
sodium butyrate. Given that the temporal profile of activity
is different for each caspase, we examined the response to bu-
tyrate at time points up to 72 h. Sodium butyrate (0.8 mg/ml)
induced caspase 8 activity at 3 h, reaching a significant 2-fold
increase after 8 h (Fig. 3(a)). Caspase 8 activity gradually de-
clined after 8 h, returning to basal levels by 48 h. Caspase 3
activity on the other hand reached a significant 1.5–2 fold
increase after 6 h with a peak of more than 4-fold at 24 h
(Fig. 3(a)). Caspase 3 activity declined after 24 h and was
undetectable by 72 h. This may be due to increased protease
levels within the cultures as the total protein content of ex-
tracts from butyrate treated cells was also reduced between
24 and 72 h (data not shown). Caspase 9 was not activated
by sodium butyrate (Fig. 3(a)).

Having established the time of maximal activity for cas-
pases 8 and 3, we sought to confirm the dose effect of sodium
butyrate on caspase activity at those times. Consistent with
our apoptosis data, sodium butyrate was shown to dose-
dependently increase caspase 8 activity in HaCaTs after 8 h
and caspase 3 after 24 h with this significant at the 0.8 mg/ml
concentration (p < 0.05; Fig. 3(b)).

Caspase 3 proteolytic activity is dependent on the cleav-
age of the 35 kDa pro-caspase 3 precursor to a 17 kDa ac-
tive caspase 3 fragment. Western blot analysis showed that
sodium butyrate dose-dependently decreased pro-caspase 3
in HaCaTs after 24 h although the active fragment was not de-
tected (Fig. 3(c)). The generation of active 17 kDa caspase 3
fragment from pro-caspase 3 was confirmed however by the
cleavage of PARP, a known protein substrate of caspase 3
[27]. Figure 3(d) demonstrates that sodium butyrate dose-
dependently converted the 113 kDa pro-form of PARP to the
89 kDa fragment concomitant with pro-caspase 3 cleavage.

Sodium butyrate induces Fas expression by HaCaTs

Given that the caspase cascade is often activated by the death
receptor Fas, we next investigated whether butyrate modu-
lated Fas expression by HaCaTs. As shown in Fig. 4(a),
HaCaTs treated with sodium butyrate for 24 h showed an
increase in the level of Fas surface expression with this rep-
resented by the mean fluorescence intensity (MFI) of Fas
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Fig. 1 Effect of sodium
butyrate on HaCaT apoptosis.
(a) Representative dot plot of
Annexin V and propidium
iodide (PI) stained control
HaCaTs after 24 h. (b–d)
HaCaTs treated with 0.08, 0.4
and 0.8 mg/ml sodium butyrate
respectively for 24 h. Unstained
cells (Annexin V negative/PI
negative) were considered
viable, Annexin V positive/PI
negative cells were considered
early apoptotic (EA), Annexin V
positive/PI positive cells were
considered late apoptotic (LA)
and Annexin V negative/PI
positive cells represented the
necrotic population (N). (e)
Collated data from 3 separate
experiments (n = 3) showing
the effect of sodium butyrate
(0.08–0.8 mg/ml) on HaCaT
viability (grey bar) and
apoptosis ([EA + LA]; black
bar). (f) HaCaTs were treated
with 0.8 mg/ml sodium butyrate
for up to 72 h and the combined
data from 3 separate
experiments (n = 3) presented
showing the effect on apoptosis
(black bar) and necrosis (grey
bar). Control cells were
incubated in the absence of
sodium butyrate for 72 h. Bar
graphs show the parameters
measured as a percentage of the
total cell population with the
data presented as mean ±
SEM. Data was analysed using
one-way analysis of variance
(ANOVA) and post-hoc t-test
with significant differences
compared to controls shown
(∗p < 0.05)

staining increasing from 0.7 to 1.3. We also investigated
the expression of the heterogenous forms of Fas by western
blot which showed the higher molecular weight Fas frag-
ment (50 kDa) was elevated in sodium butyrate treated Ha-

CaTs (Fig. 4(b)), consistent with the flow cytometry data
shown in Fig. 4(a) and other studies associating this form
of Fas with increased susceptibility to Fas-mediated death
[28].
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Fig. 2 Effect of sodium
butyrate on HaCaT morphology
and DNA fragmentation. HaCaT
morphology was assessed on
cultures prior to flow cytometric
analysis of apoptosis while
chromatin condensation and
DNA fragmentation was
assessed in parallel cultures
using the HOESCHT 33342
fluorescent stain. (a, b) Control
HaCaTs imaged by phase
contrast microscopy or by
HOESCHT 33342 stain,
respectively (low
magnification). (c, d) HaCaTs
treated with 0.8 mg/ml sodium
butyrate for 24 h imaged by
phase contrast microscopy or by
HOESCHT 33342 stain,
respectively (low
magnification). (e, f) HaCaTs
treated with 0.8 mg/ml sodium
butyrate for 24 h imaged by
phase contrast microscopy or by
HOESCHT 33342 stain,
respectively (high
magnification). The arrow in (e)
points to an apoptotic body and
scale bars are shown

Caspase 3 inhibition suppresses apoptosis but not
Annexin V staining

A membrane permeable caspase 3 inhibitor DMQD-CHO
[29, 30] was used to determine if preventing activation of
caspase 3 could protect cells from sodium butyrate induced
apoptosis. Pre-treating HaCaTs for 24 h with the DMQD-
CHO (10 and 100 µg/ml) significantly decreased sodium
butyrate induced caspase 3 activity (Fig. 5(a)). The reduction
in sodium butyrate induced caspase 3 activity was confirmed
by the ability of DMQD-CHO to also dose-dependently pre-
vent sodium butyrate mediated PARP cleavage (Fig. 5(b)).

Although pre-treatment of HaCaTs with DMQD-CHO
blocked sodium butyrate induced caspase 3 activity and
PARP cleavage, this inhibitor did not prevent the increase
in Annexin V staining (Fig. 6(a)). HaCaT morphology was
assessed before cells were prepared for Annexin V and PI
staining and showed that the apoptosis related morphologi-
cal changes induced by butyrate, such as cell shrinkage and

detachment from the culture plate, were reduced by DMQD-
CHO (Fig. 6(d) and (f)). Staining of parallel experiments
with HOESCHT 33342 demonstrated that DMQD-CHO
also decreased nuclear fragmentation induced by butyrate
(Fig. 6(e) and (g)).

Sodium butyrate does not induce HaCaT differentiation

Given that sodium butyrate has been reported to induce ter-
minal differentiation in primary keratinocytes [31, 32], we
sought to determine if differentiation was altered in Ha-
CaTs. We investigated the intracellular expression of keratin
14 (K14; a basal cell marker), keratin 10 (K10; identifies
cells committed to differentiate) and involucrin (a marker
for differentiated cells) by flow cytometry. As shown by
Fig. 7(a–c), butyrate (0.8 mg/ml) had no effect on the rel-
ative expression of any of the keratinocyte markers after
24 h, suggesting that butyrate did not modulate the normal
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Fig. 3 Effect of sodium butyrate on caspase activity and PARP cleav-
age. (a) The activity of caspases 8, 9, and 3 were measured in HaCaTs
treated with 0.8 mg/ml sodium butyrate using caspase-specific fluo-
rogenic substrates. Cells were harvested at times up to 72 h after the
addition of sodium butyrate and results normalised (fold change) to
the activity levels in untreated controls. (b) The dose effect of sodium
butyrate (0.08–0.8 mg/ml) on the peak activity of caspase 8 at 8 h (grey
bar) and caspase 3 at 24 h (black bar) was determined and normalised to
untreated controls. Data is presented as the mean ± SEM of 3 indepen-
dent experiments and was analysed using one-way analysis of variance
(ANOVA) and post-hoc t-test with significant differences compared to
controls shown (caspase 3, a; caspase 8, b; p < 0.05). (c) Western blot
showing pro-caspase 3 (35 kDa) protein expression in HaCaTs cultured
with or without sodium butyrate for 24 h. (d) Western blot showing the
effect of sodium butyrate on PARP cleavage after 24 h. The 113 kDa
band is the pro-form of PARP and the 89 kDa band is the product of
caspase 3 cleavage

progression of the HaCaTs through the phases of differenti-
ation.

Discussion

Histone deacetylase inhibitors such as sodium butyrate have
been recognised as potent anti-tumour agents due to their
capacity to induce growth arrest, cell differentiation and
apoptosis [33, 34]. In the present study, we demonstrate that

Fig. 4 Effect of sodium butyrate on HaCaT Fas expression. (a) Com-
piled dot blots showing the change in surface Fas expression by HaCaTs
treated with sodium butyrate (0.8 mg/ml) for 24 h. The light grey his-
togram shows the degree of Fas expression by control HaCaTs and the
dark grey histogram the Fas levels by HaCaTs treated with sodium bu-
tyrate. The unfilled histogram is the negative control (isotype-matched
Ab). (b) Western blot showing Fas protein levels in whole cell lysates
from control HaCaTs ( − ) and cells treated with 0.8 mg/ml sodium
butyrate for 24 h ( + ). Fas fragments were seen at 50, 45 and 39 kDa

sodium butyrate effectively induces programmed cell death
of HaCaT keratinocytes by inducing apoptosis rather than
by increasing keratinocyte terminal differentiation.

Consistent with studies in other epithelial cell lines,
sodium butyrate reduced HaCaT cell viability and induced
changes in cell morphology characteristic of apoptotic cell
death. Other studies have demonstrated using the WST-1
cell proliferation assay that a similar concentration range
of sodium butyrate as that used here, significantly reduced
viability of the intestinal cell line CaCo2 by approximately
55% after 72 h [35]. Both the magnitude and time depen-
dent nature of the response seen in HaCaTs was similar to
that reported in CaCo2 cells, with a 40% decrease in HaCaT
viability after 72 h. Our study shows that the decrease in
HaCaT cell viability was accompanied by a significant in-
crease in apoptotic cells as identified by Annexin V staining
and characteristic morphological changes. Similarly, stud-
ies by Litvak et al. [16] in gastric cancer cell lines reported
sodium butyrate increased the number of condensed and frag-
mented nuclei detected using the HOECHST 33342 stain by
24 h. Collectively, our data is consistent with these studies
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Fig. 5 Effect of the caspase 3 inhibitor DMQD-CHO on sodium bu-
tyrate induced caspase 3 activity and PARP cleavage. (a) Caspase 3 ac-
tivity was measured in HaCaTs pre-treated for 24 h with DMQD-CHO
(1–100 µg/ml) before incubation with sodium butyrate (0.8 mg/ml)
for a further 24 h (+). Values were normalised to the caspase 3 activ-
ity of control HaCaTs incubated for the same period of time without
sodium butyrate or DMQD-CHO (−) and represent the mean ± SEM
of 5 independent experiments. The data was analysed using one-way
analysis of variance (ANOVA) and post-hoc t-test with significance
(p < 0.05) between treatments shown by the matching symbols (a, b).
(b) Representative western blot showing the effect of DMQD-CHO
(1–100 µg/ml) on sodium butyrate (0.8 mg/ml) induced PARP cleav-
age. Cells were treated as described in (a) and the 113 kDa band is
the pro-form of PARP and the 89 kDa band the product of caspase 3
cleavage

conducted in intestinal epithelial cell lines and identifies the
induction of apoptosis as the primary mode of HaCaT cell
death induced by sodium butyrate.

A number of studies suggest that the death receptor path-
ways such as tumour necrosis related apoptosis-inducing
ligand (TRAIL) and Fas are involved in butyrate induced
tumour cell apoptosis [21, 22, 36, 37]. The results reported
here also suggest a central role for Fas as sodium butyrate
increased surface expression of Fas on HaCaTs. However,
the involvement of FasL in sodium butyrate induced HaCaT
apoptosis needs to be confirmed, as Fas-mediated apoptosis
in keratinocytes appears able to proceed via a FasL inde-
pendent or dependent mechanism. UVB radiation has been
reported to induce apoptosis by upregulating and directly
activating Fas on both HaCaTs and transformed human ker-
atinocytes without the requirement of FasL [38, 39]. Normal,
resting keratinocytes possess a functional Fas death pathway
as in vivo and in vitro studies report the presence of both
Fas and FasL [40, 41]. Spontaneous apoptosis is prevented
however by the intracellular localisation of FasL within the
cytosol and intermediate filaments [42]. It has been proposed

Fig. 6 Effect of the caspase 3 inhibitor DMQD-CHO on sodium bu-
tyrate induced HaCaT apoptosis. (a) HaCaTs were pre-treated for 24 h
with DMQD-CHO (1–100 µg/ml) before incubation with 0.8 mg/ml
sodium butyrate for a further 24 h (+). Cells were stained with
Annexin V and PI and analysed by flow cytometry. Values represent the
percentage of Annexin V positive cells (mean ± SEM) of 5 independent
experiments. The data was analysed by one-way analysis of variance
(ANOVA) and post-hoc t-test with significant differences compared to
the untreated controls (−) shown (∗; p < 0.05). Panels (b–g) HaCaT
morphology was assessed on cultures prior to flow cytometry while
chromatin condensation and DNA fragmentation was assessed in paral-
lel cultures using the HOESCHT 33342 fluorescent stain. (b, c) Control
HaCaTs imaged by phase contrast microscopy or by HOESCHT 33342
stain, respectively. (d, e) HaCaTs treated with 0.8 mg/ml sodium bu-
tyrate for 24 h imaged by phase contrast microscopy or by HOESCHT
33342 stain, respectively. (f, e) HaCaTs pre-treated for 24 h with 100 µg
DMQD-CHO before incubation with 0.8 mg/ml sodium butyrate for
24 h imaged by phase contrast microscopy or by HOESCHT 33342
stain, respectively. Scale bar represents 100 µm for the phase contrast
images and 10 µm for the HOESCHT 33342 images
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Fig. 7 Effect of sodium butyrate on keratinocyte differentiation. The
intracellular expression of keratinocyte differentiation markers was as-
sessed by flow cytometry. (a) representative histogram of keratin 14
expression, (b) keratin 10; (c) involucrin. In each panel the light grey
histogram shows staining in control HaCaTs and the overlaying dark
grey histogram staining in HaCaTs treated for 24 h with sodium butyrate
(0.8 mg/ml). The unfilled histogram is the negative control (isotype-
matched Ab)

that when keratinocytes are exposed to a cytotoxic stimu-
lus such as UV radiation, FasL is translocated to the cell
membrane where it can interact with Fas, induce apoptosis
and promote cell death [42]. In the light of these opposing
mechanisms, additional studies are required to determine if
sodium butyrate is promoting keratinocyte apoptosis in a
FasL dependent or independent fashion.

The increase in caspase 8 activity we observed supports
the view that Fas mediates sodium butyrate induced ker-
atinoctye apoptosis. Activation of Fas results in the recruit-
ment of adapter protein Mort1 to the Fas death domain
(FADD). A protein complex known as the death-inducing
signalling complex (DISC) is formed when inactive
caspase 8 is recruited to FADD, resulting in activation of
caspase 8 and initiation of caspase-mediated apoptosis [26,
43]. We sought to further characterise the events downstream
of caspase 8 and examined caspase 9 and caspase 3 activity
as well as the cleavage of PARP, a specific nuclear substrate
of caspase 3 [27]. Previous studies report that the HDI aze-
laic bishydroxamic acid caused the cleavage of PARP in
keratinocytes [44], however, the direct connection between
Fas, caspase activation and PARP cleavage following HDI
treatment in keratinocytes has not been defined.

It has been shown that sodium butyrate induces both the
intrinsic and extrinsic caspase pathways in carcinoma cells
of different origin [37, 45]. Our results indicate that sodium
butyrate induced HaCaT apoptosis, however, occurred ex-
clusively via the extrinsic pathway as we observed increased
caspase 3 activity but no concomitant caspase 9 activation.
Although we were unable to detect an increase in the active
caspase 3 fragment by western blot, activation of caspase 3
was confirmed by a reduction in the levels of pro-caspase 3
and cleavage of PARP. Proteolysis of pro-caspase 3 has been
directly associated with increased caspase activity in ker-
atinocytes induced to undergo apoptosis by chemotherapeu-
tic agents and UV radiation [46, 47]. Moreover, the reduced
levels of pro-caspase 3 following UV exposure corresponded
to increased PARP cleavage which was reduced by a specific
caspase 3 inhibitor [47], consistent with the results shown
here (Fig. 5).

The finding that sodium butyrate induced apoptosis of
HaCaTs independently of the intrinsic pathway is surprising
given the ability of sodium butyrate to directly activate this
pathway in a variety of cells of epithelial origin and that
activation of the intrinsic pathway is central for UV-induced
keratinocyte apoptosis [14, 48, 49]. As the primary role of
apoptosis in keratinocytes is the removal of cells irreparably
damaged by UV exposure, it would be of considerable inter-
est and potential benefit to determine if sodium butyrate can
act synergistically with UV radiation to potentiate cell death,
particularly when failure to remove damaged cells can lead
to the development of skin cancers. Sodium butyrate and
HDIs in general appear to have the capacity to act syner-
gistically with other apoptotic stimuli to augment cell death
[50, 51]. Both lymphoid and colorectal cancer cells primed
with a low concentration of butyrate (by itself unable to in-
duce activation of caspase 3 or apoptosis), became highly
susceptible to apoptosis when the release of cytochrome c
from the mitochondria was stimulated by staurosporine [52].
These reports suggest that investigating the interaction of bu-
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tyrate with UV radiation has merit, but the ability of butyrate
to stimulate keratinocyte apoptosis via the extrinsic pathway
indicates this agent alone might be useful for the treatment
of skin disorders such as skin cancers and psoriasis.

Increased Fas expression is generally associated with ker-
atinocyte apopotosis stimulated by UV radiation [4, 53, 54]
however a decrease in Fas expression has been linked to ma-
lignant cell survival and the progression of actinic keratoses
to squamous cell carcinoma [55, 56]. Moreover, regulatory
points upstream of the mitochondria such as the Bax/Bcl-2
ratio are altered to favour survival in both melanoma and non-
melanoma skin cancers [14, 49]. Similarly, keratinocytes
within psoriatic plaques are more resistant to apoptosis di-
rected by the intrinsic pathway than uninvolved keratinocytes
due to increased expression of the anti-apoptotic protein Bcl-
xL [57]. By upregulating Fas and activating the extrinsic
pathway in keratinocytes as shown here, sodium butyrate
may bypass the interference of anti-apoptotic proteins from
the intrinsic pathway and overcome the capacity of malignant
cells and hyperproliferative psoriatic cells to resist apopto-
sis. Recent work showing butyrate downregulates Bcl-xL in
pancreatic cancer cells gives additional support to the con-
tention it may be of benefit in conditions where keratinocyte
apoptosis is dysregulated [58].

The specific caspase 3 inhibitor DMQD-CHO was able
to diminish sodium butyrate induced caspase 3 activity, in-
hibit PARP cleavage and decrease the number of HaCaT
cells with fragmented nuclei and those lifting off the culture
plate. These results show from a biological viewpoint that
DMQD-CHO appeared to suppress apoptosis in HaCaTs,
consistent with studies in a Pre-B leukaemia cell line ALL-
697 where DMQD-CHO also decreased chromatin conden-
sation and inhibited PARP cleavage [59]. In our studies how-
ever, DMQD-CHO did not prevent the translocation of PS
to the outer membrane leaflet as measured by Annexin V
staining.

PS translocation is an early event in apoptosis and, some-
what controversially, is generally considered to be linked
to activation of the initiator caspase 8 and the cleavage of
plectin, a major cross-linking protein involved in apoptosis-
induced reorganization of the actin cytoskeleton [26, 60].
Others have reported that Annexin V staining induced by
death receptors can be decreased by inhibiting effector cas-
pases using z-VAD-fmk [61, 62], however this is a relatively
non specific inhibitor that can inhibit initiator caspases as
well as effector caspases [63]. Our finding that an increase
in caspase 8 activity preceded the activation of caspase 3
together with the inability of DMQD-CHO to prevent PS
exposure lends support to the view, at least in keratinocytes,
that the initiator caspases are indeed responsible for this event
and that inhibition of effector caspases does not decrease An-
nexin V staining [64, 65]. Thus it appears in keratinocytes
that the early apoptotic related changes in cell membrane

symmetry are controlled by upstream initiator caspases [30],
with caspase 3 mediating chromatin condensation and DNA
fragmentation [30, 66] and blockade of caspase 3 being capa-
ble of limiting the progression of apoptosis but not preventing
its initiation.

Sodium butyrate has also been linked to the induction
of terminal differentiation, a process that has been shown
to also activate caspase 3 [67]. Sodium butyrate has been
reported to promote differentiation in colon cells [68] and
has also been shown to induce terminal differentiation and
formation of cornified envelopes in primary keratinocytes
[31, 32]. Our study shows that in HaCaTs, sodium butyrate
did not alter the expression of keratinocyte markers associ-
ated with the cells committing to differentiation (K10) and
becoming terminally differentiated (involucrin), suggesting
that apoptosis can be induced in keratinocytes in a manner
distinct from terminal differentiation. This is in agreement
with other studies identifying apoptosis and differentiation
as different processes [6, 69, 70].

Conclusion

These studies show that in the HaCaT keratinocyte cell line,
apoptosis was induced by sodium butyrate in a mechanism
likely to be Fas-associated rather than coupled to terminal
differentiation. Sodium butyrate induced apoptosis was me-
diated by activation of caspase 8 and 3, leading to PARP
cleavage. Moreover, the effects of sodium butyrate appear to
act at a point that bypasses the apoptotic protection provided
by anti-apoptotic proteins known to be important in malig-
nant cell survival. These findings give support to the view
that HDI’s like sodium butyrate may be useful treatments for
epidermal disorders such as keratinocyte hyperproliferation
in psoriasis or in the treatment of cutaneous malignancies
where the normal mechanisms activating keratinocyte cell
death are downregulated.

Acknowledgments We thank Sylvia Nobbs for her assistance with the
flow cytometry analysis. T.E.R is a recipient of a NH&MRC Industry
Fellowship (144702). I.S.D is a recipient of a Dairy Australia Post-
graduate Research Scholarship.

References

1. Eckhart L, Declercq W, Ban J et al (2000) Terminal differentiation
of human keratinocytes and stratum corneum formation is associ-
ated with caspase-14 activation. J Invest Dermatol 115:1148–1151

2. Norris DA, Middleton MH, Whang K et al (1997) Human
keratinocytes maintain reversible anti-apoptotic defenses in vivo
and in vitro. Apoptosis 2:136–148

3. Henseleit U, Rosenbach T, Kolde G (1996) Induction of apoptosis
in human HaCaT keratinocytes. Arch Dermatol Res 288:676–683

4. Mammone T, Gan D, Collins D, Lockshin RA, Marenus K, Maes
D (2000) Successful separation of apoptosis and necrosis pathways

Springer



Apoptosis (2006) 11:1379–1390 1389

in HaCaT keratinocyte cells induced by UVB irradiation. Cell
Biol Toxicol 16:293–302

5. Soehnge H, Ouhtit A, Ananthaswamy ON (1997) Mechanisms
of induction of skin cancer by UV radiation. Front Biosci
2:d538–d551

6. Gandarillas A, Goldsmith LA, Gschmeissner S, Leigh IM, Watt
FM (1999) Evidence that apoptosis and terminal differentiation
of epidermal keratinocytes are distinct processes. Exp Dermatol
8:71–79

7. Polakowska RR, Piacentini M, Bartlett R, Goldsmith LA, Haake
AR (1994) Apoptosis in human skin development: morphogenesis,
periderm, and stem cells. Developmental Dynamics 199:176–188

8. Marks R (2004) The stratum corneum barrier: the final frontier. J
Nutrition 134:2017S–2021S

9. Grossman D, Kim PJ, Blanc-Brude OP et al (2001) Transgenic
expression of survivin in keratinocytes counteracts UVB-induced
apoptosis and cooperates with loss of p53. J Clin Invest
108:991–999

10. Qin JZ, Chaturvedi V, Denning MF et al (2002) Regulation of
apoptosis by p53 in UV-irradiated human epidermis, psoriatic
plaques and senescent keratinocytes. Oncogene 21:2991–3002

11. Bowen AR, Hanks AN, Murphy KJ, Florell SR, Grossman
D (2004) Proliferation, apoptosis, and survivin expression in
keratinocytic neoplasms and hyperplasias. Am J Dermatopathol
26:177–181

12. Iizuka H, Takahashi H, Honma M, Ishida-Yamamoto A (2004)
Unique keratinization process in psoriasis: late differentiation
markers are abolished because of the premature cell death. J
Dermatol 31:271–276

13. Wrone-Smith T, Johnson T, Nelson B et al (1995) Discordant
expression of Bcl-x and Bcl-2 by keratinocytes in vitro and
psoriatic keratinocytes in vivo. Am J Pathol 146:1079–1088

14. Delehedde M, Cho SH, Sarkiss M et al (1999) Altered expression
of bcl-2 family member proteins in nonmelanoma skin cancer.
Cancer 85:1514–1522

15. Zhu WG, Otterson GA (2003) The interaction of histone
deacetylase inhibitors and DNA methyltransferase inhibitors in
the treatment of human cancer cells. Curr Med Chem Anti-Canc
Agents 3:187–199

16. Litvak DA, Hwang KO, Evers BM, Townsend CM Jr (2000)
Induction of apoptosis in human gastric cancer by sodium butyrate.
Anticancer Res 20:779–784

17. Saunders N, Dicker A, Popa C, Jones S, Dahler A (1999) Histone
deacetylase inhibitors as potential anti-skin cancer agents. Cancer
Res 59:399–404

18. Facchetti F, Previdi S, Ballarini M, Minucci S, Perego P, La
Porta CA (2004) Modulation of pro- and anti-apoptotic factors in
human melanoma cells exposed to histone deacetylase inhibitors.
Apoptosis 9:573–582

19. Cuff MA, Shirazi-Beechey SP (2004) The importance of butyrate
transport to the regulation of gene expression in the colonic
epithelium. Biochem Soc Trans 32:1100–1102

20. Tabuchi Y, Arai Y, Kondo T, Takeguchi N, Asano S (2002)
Identification of genes responsive to sodium butyrate in colonic
epithelial cells. Biochem Biophys Res Commun 293:1287–
1294

21. Chopin V, Slomianny C, Hondermarck H, Le B,X (2004) Syner-
gistic induction of apoptosis in breast cancer cells by cotreatment
with butyrate and TNF-alpha, TRAIL, or anti-Fas agonist antibody
involves enhancement of death receptors’ signaling and requires
P21(waf1). Exp Cell Res 298:560–573

22. Bonnotte B, Favre N, Reveneau S et al (1998) Cancer cell
sensitization to fas-mediated apoptosis by sodium butyrate. Cell
Death Differ 5:480–487

23. Fan YY, Zhang J, Barhoumi R et al (1999) Antagonism of CD95
signaling blocks butyrate induction of apoptosis in young adult

mouse colonic cells. Am J Physiol 277:C310–C319
24. Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J, Markham

A, Fusenig NE (1988) Normal keratinization in a spontaneously
immortalized aneploid human keratinocyte cell line. J Cell Biol
106:761–771

25. Ryle CM, Breitkreutz D, Stark HJ et al (1989) Density-dependent
modulation of synthesis of keratins 1 and 10 in the human
keratinocyte line HACAT and in ras-transfected tumorigenic
clones. Differentiation 40:42–54

26. Barnhart BC, Alappat EC, Peter ME (2003) The CD95 type I/
type II model. Semin Immunol 51:185–193

27. Decker P, Muller S (2002) Modulating poly (ADP-ribose)
polymerase activity: potential for the prevention and therapy of
pathogenic situations involving DNA damage and oxidative stress.
Curr Pharm Biotechnol 3:275–283

28. Park SM, Park HY, Lee TH (2003) Functional effects of TNF-alpha
on a human follicular dendritic cell line: persistent NF-kappa B
activation and sensitization for Fas-mediated apoptosis. J Immunol
171:3955–3962

29. Ghayur T, Hugunin M, Talanian RV et al (1996) Proteolytic
activation of protein kinase C delta by an ICE/CED 3-like protease
induces characteristics of apoptosis. J Exp Med 184:2399–2404

30. Hirata H, Takahashi A, Kobayashi S et al (1998) Caspases are
activated in a branched protease cascade and control distinct
downstream processes in Fas-induced apoptosis. J Exp Med
187:587–600

31. Staiano-Coico L, Helm RE, McMahon CK et al (1989) Sodium-
N-butyrate induces cytoskeletal rearrangements and formation of
cornified envelopes in cultured adult human keratinocytes. Cell
Tissue Kinet 22:361–375

32. Schmidt R, Cathelineau C, Cavey MT et al (1989) Sodium
butyrate selectively antagonizes the inhibitory effect of retinoids
on cornified envelope formation in cultured human keratinocytes.
J Cell Physiol 140:281–287

33. Hitomi T, Matsuzaki Y, Yokota T, Takaoka Y, Sakai T (2003)
p15(INK4b) in HDAC inhibitor-induced growth arrest. FEBS Lett
554:347–350

34. Salomone B, Ponti R, Gasco MR et al (2000) In vitro effects
of cholesteryl butyrate solid lipid nanospheres as a butyric acid
pro-drug on melanoma cells:evaluation of antiproliferative activity
and apoptosis induction. Clin Exp Metas 18:663–673

35. Jones SA, Butler RN, Sanderson IR, Wilson JW (2004) The effect
of specific caspase inhibitors on TNF-alpha and butyrate-induced
apoptosis of intestinal epithelial cells. Exp Cell Res 292:29–39

36. Hernandez A, Thomas R, Smith F et al (2001) Butyrate sensitizes
human colon cancer cells to TRAIL-mediated apoptosis. Surgery
130:265–272

37. Rosato RR, Almenara JA, Dai Y, Grant S (2003) Simultaneous
activation of the intrinsic and extrinsic pathways by histone
deacetylase (HDAC) inhibitors and tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) synergistically induces
mitochondrial damage and apoptosis in human leukemia cells.
Mol Cancer Ther 2:1273–1284

38. Aragane Y, Kulms D, Metze D et al (1998) Ultraviolet light
induces apoptosis via direct activation of CD95 (Fas/APO-1)
independently of its ligand CD95L. J Cell Biol 140:171–182

39. Takahashi H, Nakamura S, Asano K, Kinouchi M, Ishida-
Yamamoto A, Iizuka H (1999) Fas antigen modulates ultraviolet B-
induced apoptosis of SVHK cells: sequential activation of caspases
8, 3, and 1 in the apoptotic process. Exp Cell Res 249:291–298

40. Matsue H, Kobayashi H, Hosokawa T, Akitaya T, Ohkawara A
(1995) Keratinocytes constitutively express the Fas antigen that
mediates apoptosis in IFN gamma-treated cultured keratinocytes.
Arch Dermatol Res 287:315–320

41. Gutierrez-Steil C, Wrone-Smith T, Sun X, Krueger JG, Coven T,
Nickoloff BJ (1998) Sunlight-induced basal cell carcinoma tumor

Springer



1390 Apoptosis (2006) 11:1379–1390

cells and ultraviolet-B-irradiated psoriatic plaques express Fas
ligand (CD95L). J Clin Invest 101:33–39

42. Viard-Leveugle I, Bullani RR, Meda P et al (2003) Intracel-
lular localization of keratinocyte Fas ligand explains lack of
cytolytic activity under physiological conditions. J Biol Chem
278:16183–16188

43. Kuwana T, Smith JJ, Muzio M, Dixit V, Newmeyer DD, Ko-
rnbluth S (1998) Apoptosis induction by caspase-8 is amplified
through the mitochondrial release of cytochrome c. J Biol Chem
273:16589–16594

44. Burgess AJ, Pavey S, Warrener R et al (2001) Up-regulation of
p21(WAF1/CIP1) by histone deacetylase inhibitors reduces their
cytotoxicity. Mol Pharmacol 60:828–837

45. Emanuele S, D’Anneo A, Bellavia G et al (2004) Sodium butyrate
induces apoptosis in human hepatoma cells by a mitochon-
dria/caspase pathway, associated with degradation of beta-catenin,
pRb and Bcl-XL. Eur J Cancer 40:1441–1452

46. Liu Y, McKalip A, Herman B (2000) Human papillomavirus
type 16 E6 and HPV-16 E6/E7 sensitize human keratinocytes to
apoptosis induced by chemotherapeutic agents:roles of p53 and
caspase activation. J Cell Biochem 78:334–349

47. Denning MF, Wang Y, Nickoloff BJ, Wrone-Smith T (1998)
Protein kinase Cdelta is activated by caspase-dependent prote-
olysis during ultraviolet radiation-induced apoptosis of human
keratinocytes. J Biol Chem 273:29995–30002

48. Sitailo LA, Tibudan SS, Denning MF (2002) Activation of
caspase-9 is required for UV-induced apoptosis of human
keratinocytes. J Biol Chem 277:19346–19352

49. Raisova M, Hossini AM, Eberle J et al (2001) The Bax/Bcl-2
ratio determines the susceptibility of human melanoma cells to
CD95/Fas-mediated apoptosis. J Invest Dermatol 117:333–340

50. Wang Q, Li N, Wang X, Kim MM, Evers BM (2002) Augmenta-
tion of sodium butyrate-induced apoptosis by phosphatidylinositol
3′-kinase inhibition in the KM20 human colon cancer cell line.
Clin Cancer Res 8:1940–1947

51. Pei XY, Dai Y, Grant S (2004) Synergistic induction of oxidative
injury and apoptosis in human multiple myeloma cells by
the proteasome inhibitor bortezomib and histone deacetylase
inhibitors. Clin Cancer Res 10:3839–3852

52. Medina V, Edmonds B, Young GP, James R, Appleton S,
Zalewski PD (1997) Induction of caspase-3 protease activity and
apoptosis by butyrate and trichostatin A (inhibitors of histone
deacetylase):dependence on protein synthesis and synergy with
a mitochondrial/cytochrome c-dependent pathway. Cancer Res
57:3697–3707

53. Bang B, Rygaard J, Baadsgaard O, Skov L (2002) Increased
expression of Fas on human epidermal cells after in vivo exposure
to single-dose ultraviolet (UV) B or long-wave UVA radiation. Br
J Dermatol 147:1199–1206

54. Takahashi H, Ishida-Yamamoto A, Iizuka H (2001) Ultraviolet B
irradiation induces apoptosis of keratinocytes by direct activation
of Fas antigen. J Investig Dermatol Symp Proc 6:64–68

55. Berhane T, Halliday GM, Cooke B, Barnetson RS (2002) Inflam-
mation is associated with progression of actinic keratoses to squa-
mous cell carcinomas in humans. Br J Dermatol 146:810–815

56. Bachmann F, Buechner SA, Wernli M, Strebel S, Erb P (2001)
Ultraviolet light downregulates CD95 ligand and TRAIL receptor
expression facilitating actinic keratosis and squamous cell
carcinoma formation. J Invest Dermatol 117:59–66

57. Tomkova H, Fujimoto W, Arata J (2000) Expression pattern
of the bcl-2 homologous protein bad in normal skin, psoriasis
vulgaris and keratinocytic tumors. J Dermatol Sci 22:132–
137

58. Natoni F, Diolordi L, Santoni C, Gilardini Montani MS (2005)
Sodium butyrate sensitises human pancreatic cancer cells to
both the intrinsic and the extrinsic apoptotic pathways. Biochim
Biophys Acta 1745:318–329

59. Zhang J, Reedy MC, Hannun YA, Obeid LM (1999) Inhibition of
caspases inhibits the release of apoptotic bodies: Bcl-2 inhibits the
initiation of formation of apoptotic bodies in chemotherapeutic
agent-induced apoptosis. J Cell Biol 145:99–108

60. Stegh AH, Herrmann H, Lampel S et al (2000) Identification
of the cytolinker plectin as a major early in vivo substrate for
caspase 8 during CD95- and tumor necrosis factor receptor-
mediated apoptosis. Mol Cell Biol 20:5665–5679

61. Maianski NA, Roos D, Kuijpers TW (2003) Tumor necrosis factor
alpha induces a caspase-independent death pathway in human
neutrophils. Blood 101:1987–1995

62. Griffith TS, Anderson RD, Davidson BL, Williams RD, Ratliff
TL (2000) Adenoviral-mediated transfer of the TNF-related
apoptosis-inducing ligand/Apo-2 ligand gene induces tumor cell
apoptosis. J Immunol 165:2886–2894

63. Schotte P, Declercq W, Van Huffel S, Vandenabeele P, Beyaert R
(1999) Non-specific effects of methyl ketone peptide inhibitors of
caspases. FEBS Lett 442:117–121

64. Cummings BS, Kinsey GR, Bolchoz LJ, Schnellmann RG (2004)
Identification of caspase-independent apoptosis in epithelial and
cancer cells. J Pharmacol Exp Therap 310:126–134

65. Drenou B, Blancheteau V, Burgess DH, Fauchet R, Charron DJ,
Mooney NA (1999) A caspase-independent pathway of MHC
class II antigen-mediated apoptosis of human B lymphocytes. J
Immunol 163:4115–4124

66. Liu X, Zou H, Slaughter C, Wang X (1997) DFF, a heterodimeric
protein that functions downstream of caspase-3 to trigger DNA
fragmentation during apoptosis. Cell 89:175–184

67. Weil M, Raff MC, Braga VM (1999) Caspase activation in the
terminal differentiation of human epidermal keratinocytes. Curr
Biol 9:361–364

68. Cai J, Chen Y, Murphy TJ, Jones DP, Sartorelli AC (2004) Role
of caspase activation in butyrate-induced terminal differentia-
tion of HT29 colon carcinoma cells. Arch Biochem Biophys
424:119–127

69. Takahashi H, Aoki N, Nakamura S, Asano K, Ishida-Yamamoto
A, Iizuka H (2000) Cornified cell envelope formation is distinct
from apoptosis in epidermal keratinocytes. J Dermatol Sci 23:161–
169

70. Lippens S, Kockx M, Knaapen M et al (2000) Epidermal differ-
entiation does not involve the pro-apoptotic executioner caspases,
but is associated with caspase-14 induction and processing. Cell
Death Differ 7:1218–1224

Springer













 267 

BIBLIOGRAPHY 

 

 

Abe R et al (2003) Toxic epidermal necrolysis and Stevens-Johnson syndrome are 

induced by soluble Fas ligand. Am.J.Pathol. 162 (5):1515-1520. 

Adams JC and Watt FM (1993) Regulation of development and differentiation by the 

extracellular matrix. Development 117 (4):1183-1198. 

Akdis CA et al (2000) Immune regulation in atopic dermatitis. Curr.Opin.Immunol. 12 

(6):641-646. 

Akdis M, Blaser K, and Akdis CA (2005) T regulatory cells in allergy: novel concepts in 

the pathogenesis, prevention, and treatment of allergic diseases. J.Allergy Clin.Immunol. 

116 (5):961-968. 

Akdis M et al (2002) T cells and effector mechanisms in the pathogenesis of atopic 

dermatitis. Curr.Allergy Asthma Rep. 2 (1):1-3. 

Akdis M et al (2001) Cytokine network and dysregulated apoptosis in atopic dermatitis. 

Acta Odontol.Scand. 59 (3):178-182. 



 268 

Akdis M et al (2003) T helper (Th) 2 predominance in atopic diseases is due to 

preferential apoptosis of circulating memory/effector Th1 cells. FASEB J. 17 (9):1026-

1035. 

Amendt C et al (1998) Expression of a dominant negative type II TGF-  receptor in 

mouse skin results in an increase in carcinoma incidence and an acceleration of 

carcinoma development. Oncogene 17 (1):25-34. 

Aragane Y et al (1998) Ultraviolet light induces apoptosis via direct activation of CD95 

(Fas/APO-1) independently of its ligand CD95L.  J.Cell Biol. 140 (1):171-182. 

Arellano FM et al (2007) Risk of lymphoma following exposure to calcineurin inhibitors 

and topical steroids in patients with atopic dermatitis. J Invest Dermatol. 127 (4):808-16. 

 

Arkwright PD et al (2001) Atopic dermatitis is associated with a low-producer 

transforming growth factor beta(1) cytokine genotype. J.Allergy Clin.Immunol. 108 

(2):281-284. 

Arnold R et al (1999) Crosstalk between keratinocytes and T lymphocytes via Fas/Fas 

ligand interaction: modulation by cytokines. J.Immunol. 162 (12):7140-7147. 

Ballard FJ et al (1996) Des(1-3)IGF-I: A truncated form of insulin-like growth factor-I. 

Int.J.Biochem.Cell Biol. 28 (10):1085-1087. 



 269 

Banerjee G et al (2005) UV induced bystander signaling leading to apoptosis. Cancer 

Lett. 223 (2):275-284. 

Bang B et al (2002) Increased expression of Fas on human epidermal cells after in vivo 

exposure to single-dose ultraviolet (UV) B or long-wave UVA radiation. Br.J.Dermatol. 

147 (6):1199-1206.  

 

Barnard JA et al (1994) Auto- and cross-induction within the mammalian epidermal 

growth factor-related peptide family. J Biol Chem. 269 (36):22817-22. 

 

Barnhart BC, Alappat EC, and Peter ME (2003) The CD95 type I/type II model. 

Semin.Immunol. 15 (3):185-193.  

 

Barreca A et al (1992) Effect of epidermal growth factor on insulin-like growth factor-I 

(IGF-I) and IGF-binding protein synthesis by adult rat hepatocytes. Mol Cell Endocrinol. 

84 (1-2):119-26. 

 

Bastian SE et al (2001) Measurement of betacellulin levels in bovine serum, colostrum 

and milk. J Endocrinol. 168 (1):203-12.  

 

Belford DA et al (1997) Platelet-derived growth factor, insulin-like growth factors, 

fibroblast growth factors and transforming growth factor  do not account for the cell 

growth activity present in bovine milk. J.Endocrinol. 154:45-55. 



 270 

Belford DA et al (1995) Milk-derived growth factors as serum supplements for the 

growth of fibroblast and epithelial cells. In Vitro Cellular & Developmental Biology 31 

(10):752-760. 

Biedermann T, Rocken M, and Carballido JM (2004) TH1 and TH2 lymphocyte 

development and regulation of TH cell-mediated immune responses of the skin. 

J.Investig.Dermatol.Symp.Proc. 9 (1):5-14.  

 

Blessing M et al (1995) Chemical skin carcinogenesis is prevented in mice by the 

induced expression of a TGF-beta related transgene. Teratog Carcinog Mutagen. 15 

(1):11-21. 

 

Blessing M, Schirmacher P and Kaiser S (1996) Overexpression of bone morphogenetic 

protein-6 (BMP-6) in the epidermis of transgenic mice: inhibition or stimulation of 

proliferation depending on the pattern of transgene expression and formation of psoriatic 

lesions. J Cell Biol. 135 (1):227-39. 

 

Boelsma E, Verhoeven MC, and Ponec M (1999) Reconstruction of a human skin 

equivalent using a spontaneously transformed keratinocyte cell line (HaCaT). J.Invest 

Dermatol. 112 (4):489-498. 

Boguniewicz M (2003) Treatment options and new therapeutic approaches in atopic 

dermatitis. Dermatol.Nurs. Suppl:12-18. 



 271 

Bommireddy R et al (2003) TGF-beta1 Regulates Lymphocyte Homeostasis by 

Preventing Activation and Subsequent Apoptosis of Peripheral Lymphocytes. J.Immunol. 

170 (9):4612-4622. 

Bonni A et al (1999) Cell survival promoted by the Ras-MAPK signaling pathway by 

transcription-dependent and -independent mechanisms. Science 286 (5443):1358-1362. 

Bonnotte B et al (1998) Cancer cell sensitization to fas-mediated apoptosis by sodium 

butyrate. Cell Death.Differ. 5 (6):480-487. 

Borradori L and Sonnenberg A (1999) Structure and function of hemidesmosomes: 

More than simple adhesion complexes. J.Invest.Dermatol. 112 (4):411-418. 

Boukamp P et al (1988) Normal keratinization in a spontaneously immortalized 

aneuploid human keratinocyte cell line. J.Cell.Biol. 106:761-771. 

Brown DL, Kao WW, and Greenhalgh DG (1997) Apoptosis down-regulates 

inflammation under the advancing epithelial wound edge: delayed patterns in diabetes 

and improvement with topical growth factors. Surgery 121 (4):372-380. 

Brown DM and Phipps RP (1996) Bcl-2 expression inhibits prostaglandin E2-mediated 

apoptosis in B cell lymphomas. J.Immunol. 157 (4):1359-1370. 



 272 

Buckley CD et al (2001) Fibroblasts regulate the switch from acute resolving to chronic 

persistent inflammation. Trends Immunol. 22 (4):199-204. 

Burgess AJ et al (2001) Up-regulation of p21(WAF1/CIP1) by histone deacetylase 

inhibitors reduces their cytotoxicity. Mol.Pharmacol. 60 (4):828-837. 

Butt AJ, Firth SM, and Baxter RC (1999) The IGF axis and programmed cell death. 

Immunol.Cell Biol. 77 (3):256-262. 

Cai J et al (2004) Role of caspase activation in butyrate-induced terminal differentiation 

of HT29 colon carcinoma cells. Arch.Biochem.Biophys. 424 (2):119-127. 

Campa JS, McAnulty RJ, and Laurent GJ (1990) Application of high-pressure liquid 

chromatography to studies of collagen production by isolated cells in culture. 

Anal.Biochem. 186 (2):257-263. 

Chai F et al (2000) Involvement of p21(Waf1/Cip1) and its cleavage by DEVD-caspase 

during apoptosis of colorectal cancer cells induced by butyrate. Carcinogenesis 21 (1):7-

14. 

Charman CR, Williams HC (2002) Epidemiology. In Bieber T, Leung DYM (eds) 

Atopic Dermatitis, 1st ed. New York: Marcel Dekker. 



 273 

Chaturvedi V et al (1999) Apoptosis in proliferating, senescent, and immortalized 

keratinocytes. J.Biol.Chem. 274 (33):23358-23367. 

Chaturvedi V et al (2001) Abnormal NF-kappaB signaling pathway with enhanced 

susceptibility to apoptosis in immortalized keratinocytes.  J.Dermatol.Sci. 26 (1):67-78. 

Chopin V et al (2004) Synergistic induction of apoptosis in breast cancer cells by 

cotreatment with butyrate and TNF-alpha, TRAIL, or anti-Fas agonist antibody involves 

enhancement of death receptors' signaling and requires P21(waf1). Exp.Cell Res. 298 

(2):560-573. 

Christ M et al (1994) Immune dysregulation in TGF- 1-deficient mice. J.Immunol. 

153:1936-1946. 

Chung EJ et al (2000) Transforming growth factor-beta induces apoptosis in activated 

murine T cells through the activation of caspase 1-like protease. Cell Immunol. 204 

(1):46-54. 

Chuong CM et al (2002) What is the 'true' function of skin? Exp.Dermatol. 11 (2):159-

187. 

Clarke J et al (2002) Exposure of oral mucosa to bioactive milk factors reduces severity 

of chemotherapy-induced mucositis in the hamster. Oral Oncol. 38 (5):478-485. 



 274 

Clemmons DR (1998) Role of insulin-like growth factor binding proteins in controlling 

IGF actions. Mol.Cell.Endocrinol. 140 (1-2):19-24. 

Conlon MA and Tomas FM (2003) Inhibition of cell migration from tendon explants 

into fibrin clots by extracts derived from cheese whey is largely due to transforming 

growth factor-beta. J.Orthop.Res. 21 (1):157-161. 

Cook PW et al (1990) Expression and regulation of mRNA coding for acidic and basic 

fibroblast growth factor and transforming growth factor alpha in cells derived from 

human skin. Mol Endocrinol. 4 (9):1377-85  

 

Cook PW, Pittelkow MR and Shipley GD (1991) Growth factor-independent 

proliferation of normal human neonatal keratinocytes: production of autocrine- and 

paracrine-acting mitogenic factors. J Cell Physiol. 146 (2):277-89. 

 

Cookson WO et al (2001) Genetic linkage of childhood atopic dermatitis to psoriasis 

susceptibility loci. Nat Genet. 27 (4):372-3.  

 

Cowin AJ et al (2001) Effect of healing on the expression of transforming growth factor 

beta(s) and their receptors in chronic venous leg ulcers. J Invest Dermatol. 117 (5):1282-

9. 

 



 275 

Cuff MA and Shirazi-Beechey SP (2004) The importance of butyrate transport to the 

regulation of gene expression in the colonic epithelium. Biochem.Soc.Trans. 32 (Pt 

6):1100-1102. 

Cui W et al (1995) Concerted action of TGF-beta 1 and its type II receptor in control of 

epidermal homeostasis in transgenic mice. Genes Dev. 9 (8):945-55. 

 

Cummings BS et al (2004) Identification of caspase-independent apoptosis in epithelial 

and cancer cells. J.Pharmacol.Exp.Ther. 310 (1):126-134. 

D'Argenio G and Mazzacca G (1999) Short-chain fatty acid in the human colon. 

Relation to inflammatory bowel diseases and colon cancer. Adv.Exp.Med.Biol. 472:149-

158. 

Daehn IS, Varelias A, and Rayner TE (2006) Sodium butyrate induced keratinocyte 

apoptosis. Apoptosis. 11(8):1379-90. 

Dahler AL, Cavanagh LL, and Saunders NA (2001) Suppression of keratinocyte growth 

and differentiation by transforming growth factor beta1 involves multiple signaling 

pathways. J.Invest Dermatol. 116 (2):266-274. 

de Vries IJ et al (1998) Adhesion molecule expression on skin endothelia in atopic 

dermatitis: effects of TNF-alpha and IL-4. J.Allergy Clin.Immunol. 102 (3):461-468. 



 276 

Decker P and Muller S (2002) Modulating poly (ADP-ribose) polymerase activity: 

potential for the prevention and therapy of pathogenic situations involving DNA damage 

and oxidative stress. Curr.Pharm.Biotechnol. 3 (3):275-283. 

Decraene D et al (2002) Insulin-like growth factor-1-mediated AKT activation 

postpones the onset of ultraviolet B-induced apoptosis, providing more time for 

cyclobutane thymine dimer removal in primary human keratinocytes. J.Biol.Chem. 277 

(36):32587-32595. 

Delehedde M et al (1999) Altered expression of bcl-2 family member proteins in 

nonmelanoma skin cancer. Cancer 85 (7):1514-1522. 

Denning MF et al (1998) Protein kinase Cdelta is activated by caspase-dependent 

proteolysis during ultraviolet radiation-induced apoptosis of human keratinocytes. 

J.Biol.Chem. 273 (45):29995-30002. 

DiPersio CM et al (2000) 3 1 and 6 4 integrin receptors for laminin-5 are not 

essential for epidermal morphogenesis and homeostasis during skin development. J.Cell 

Sci. 113 (17):3051-3062. 

Dowling J, Yu QC, and Fuchs E (1996) Beta4 integrin is required for hemidesmosome 

formation, cell adhesion and cell survival. J.Cell Biol. 134 (2):559-572. 



 277 

Drenou B et al (1999) A caspase-independent pathway of MHC class II antigen-

mediated apoptosis of human B lymphocytes. J.Immunol. 163 (8):4115-4124.  

 

Dunbar AJ et al (1999) Identification of betacellulin as a major peptide growth factor in 

milk: purification, characterization and molecular cloning of bovine betacellulin. 

Biochem J. 344 (3):713-21.  

 

Dyer, A, Denichilo, M, DeBats, C, and Read, L. Cell Based Evidence For Whey Growth 

Factor Extract (WGFE) In The Prevention Of Chemotherapy Induced Oral Mucositis.  

18th MASCC International Symposium Toronto, Canada June, 2006 , 52-53. 2006.  

Eblen ST et al (2002) Rac-PAK signaling stimulates extracellular signal-regulated 

kinase (ERK) activation by regulating formation of MEK1-ERK complexes. Mol.Cell 

Biol. 22 (17):6023-6033. 

Edmondson SR et al (1999a) Expression of insulin-like growth factor binding protein-3 

(IGFBP-3) in human keratinocytes is regulated by EGF and TGFbeta1. J.Cell Physiol 

(2):201-207. 

Edmondson SR et al (1999b) Expression of insulin-like growth factor binding protein-3 

(IGFBP-3) in human keratinocytes is regulated by EGF and TGF 1. J.Cell.Physiol. 179 

(2):201-207. 



 278 

Edmondson SR, Werther GA, and Wraight CJ (2001) Calcium regulates the expression 

of insulin-like growth factor binding protein-3 by the human keratinocyte cell line 

HaCaT. J.Invest Dermatol. (4):491-497. 

Elliott K, Forrest S (2002) Genetics of Atopic Dermatitis. In Bieber T, Leung DYM (eds) 

Atopic Dermatitis, 1st  ed. New York: Marcel Dekker.  

 

Ezepchuk YV et al (1996) Staphylococcal toxins and protein A differentially induce 

cytotoxicity and release of tumor necrosis factor-alpha from human keratinocytes. J 

Invest Dermatol. 107 (4):603-9. 

 

Fadok VA et al (1998) Macrophages that have ingested apoptotic cells in vitro inhibit 

proinflammatory cytokine production through autocrine/paracrine mechanisms 

involving TGF- , PGE2, and PAF. J.Clin.Invest. 101 (4):890-898. 

Fan YY et al (1999) Antagonism of CD95 signaling blocks butyrate induction of 

apoptosis in young adult mouse colonic cells. Am.J.Physiol 277 (2 Pt 1):C310-C319. 

Farrelly N et al (1999) Extracellular matrix regulates apoptosis in mammary epithelium 

through a control on insulin signaling. J.Cell Biol. 144 (6):1337-1348. 

FDA Consumer magazine, "New Warnings for Two Eczema Drugs," FDA Consumer 

Magazine, 2007. 



 279 

Feliciani C, Gupta AK and Sauder DN (1996) Keratinocytes and cytokine/growth 

factors. Crit Rev Oral Biol Med. 7 (4):300-18. 

 

Ferguson MWJ (1994) Skin wound healing:  Transforming growth factor  antagonists 

decrease scarring and improve quality. J.Interferon Res. 14:303-304. 

Ford R et al (1993) Modulation of SPARC expression during butyrate-induced terminal 

differentiation of cultured human keratinocytes:  Regulation via a TGF- -dependent 

pathway. Exp.Cell Res. 206:261-275. 

Francis GL et al (1993) Insulin-like growth factor (IGF)-II binding to IGF-binding 

proteins and IGF receptors is modified by deletion of the N-terminal hexapeptide or 

substitution of arginine for glutamate- 6 in IGF-II. Biochem.J. 293:713-719. 

Francis GL et al (1997) A potent growth factor supplement for cell culture purified from 

whey. In Carrondo MJT (ed) Animal cell technology. Netherlands: Kluwer Academic 

Publishers. 

Francis GL et al (1995) Extraction from cheese whey by cation-exchange 

chromatography of factors that stimulate the growth of mammalian cells. J Dairy Sci. 78 

(6):1209-1218. 



 280 

Francis GL et al (1992) Novel recombinant fusion protein analogues of insulin-like 

growth factor (IGF)-I indicate the relative importance of IGF-binding protein and 

receptor binding for enhanced biological potency. J.Mol.Endocrinol. 8 (3):213-223. 

Gan SQ et al (1990) Organization, structure, and polymorphisms of the human 

profilaggrin gene. Biochemistry. 29 (40):9432-40. 

 

Gandarillas A et al (1999) Evidence that apoptosis and terminal differentiation of 

epidermal keratinocytes are distinct processes. Exp.Dermatol. 8 (1):71-79. 

Ghayur T et al (1996) Proteolytic activation of protein kinase C delta by an ICE/CED 3-

like protease induces characteristics of apoptosis. J.Exp.Med. 184 (6):2399-2404. 

Girolomoni G et al (2001) T-cell subpopulations in the development of atopic and 

contact allergy. Curr.Opin.Immunol. 13 (6):733-737. 

Giustizieri ML et al (2001) Keratinocytes from patients with atopic dermatitis and 

psoriasis show a distinct chemokine production profile in response to T cell-derived 

cytokines. J.Allergy Clin.Immunol. 107 (5):871-877. 

Glick AB et al (1993) Loss of expression of transforming growth factor  in skin and 

skin tumors is associated with hyperproliferation and a high risk for malignant 

conversion. Proc.Natl.Acad.Sci.USA 90:6076-6080. 



 281 

Goebeler M et al (2001) Differential and sequential expression of multiple chemokines 

during elicitation of allergic contact hypersensitivity. Am.J.Pathol. 158 (2):431-440. 

Gorelik L, Fields PE, and Flavell RA (2000) Cutting edge: TGF-beta inhibits Th type 2 

development through inhibition of GATA-3 expression. J.Immunol. 165 (9):4773-4777. 

Grewe M et al (1994) Lesional expression of interferon-gamma in atopic eczema. Lancet 

343 (8888):25-26. 

Griffith TS et al (2000) Adenoviral-mediated transfer of the TNF-related apoptosis-

inducing ligand/Apo-2 ligand gene induces tumor cell apoptosis. J.Immunol. 165 

(5):2886-2894. 

Haake AR and Polakowska RR (1993) Cell death by apoptosis in epidermal biology. 

J.Invest Dermatol. 101 (2):107-112. 

Hanifin JM and Chan SC (1995) Monocyte phosphodiesterase abnormalities and 

dysregulation of lymphocyte function in atopic dermatitis. J.Invest Dermatol. 105 (1 

Suppl):84S-88S. 

Harder J and Schroder JM (2005) Antimicrobial peptides in human skin. 

Chem.Immunol.Allergy 86:22-41. 



 282 

Hashimoto K (2000) Regulation of keratinocyte function by growth factors. 

J.Dermatol.Sci. 24 Suppl 1:S46-S50. 

Hashimoto K et al (2000) Significant gene expression of insulin-like growth factor II 

and proliferating cell nuclear antigen in a rapidly growing recurrent pituitary acth-

secreting adenoma. Horm.Res. 54 (4):198-202. 

He W et al (2001) Smads mediate signaling of the TGFbeta superfamily in normal 

keratinocytes but are lost during skin chemical carcinogenesis. Oncogene. 20 (4):471-83. 

 

Hekman M et al (2006) Reversible membrane interaction of BAD requires two C-

terminal lipid binding domains in conjunction with 14-3-3 protein binding. J.Biol.Chem. 

281 (25):17321-17336. 

Heldin CH et al (1989) Dimerization of B-type platelet-derived growth factor receptors 

occurs after ligand binding and is closely associated with receptor kinase activation. J 

Biol Chem. 264 (15):8905-12. 

 

Hendrix MJC et al (1998) Regulation of Uveal melanoma inteerconverted phenotype by 

hepatocyte growth factor/scatter factor (HGF/SF). Am.J.Pathol. 152 (4):855-863. 

Henseleit U, Rosenbach T, and Kolde G (1996) Induction of apoptosis in human HaCaT 

keratinocytes. Arch.Dermatol.Res. 288 (11):676-683. 



 283 

Hernandez A et al (2001) Butyrate sensitizes human colon cancer cells to TRAIL-

mediated apoptosis. Surgery 130 (2):265-272. 

Heron-Milhavet L et al (2001) Insulin-like growth factor-I (IGF-I) receptor activation 

rescues UV-damaged cells through a p38 signaling pathway. Potential role of the IGF-I 

receptor in DNA repair. J.Biol.Chem. 276 (21):18185-18192. 

Hirata H et al (1998) Caspases are activated in a branched protease cascade and control 

distinct downstream processes in Fas-induced apoptosis. J.Exp.Med. 187 (4):587-600. 

Hitomi T et al (2003) p15(INK4b) in HDAC inhibitor-induced growth arrest. FEBS Lett. 

20;554 (3):347-350. 

Hodge S et al (2002) Up-regulation of production of TGF-beta and IL-4 and down-

regulation of IL-6 by apoptotic human bronchial epithelial cells. Immunol.Cell Biol. 80 

(6):537-543. 

Hong SJ, Dawson TM, and Dawson VL (2004) Nuclear and mitochondrial conversations 

in cell death: PARP-1 and AIF signaling. Trends Pharmacol.Sci. 25 (5):259-264. 

Howarth GS et al (1996) Milk growth factors enriched from cheese whey ameliorate 

intestinal damage by methotrexate when administered orally to rats. J.Nutr. 126 

(10):2519-2530. 



 284 

Howlett AR et al (1995) Cellular growth and survival are mediated by beta 1 integrins in 

normal human breast epithelium but not in breast carcinoma. J.Cell Sci. 108 ( Pt 

5):1945-1957. 

Hyde C et al (2004) Insulin-like growth factors (IGF) and IGF-binding proteins bound to 

vitronectin enhance keratinocyte protein synthesis and migration. J.Invest Dermatol. 122 

(5):1198-1206. 

Ishizaka S et al (1994) Antibody production system modulated by oral administration of 

human milk and TGF-beta. Cell.Immunol. 159 (1):77-84. 

Jansen BJ et al (2003) Tumor necrosis factor related apoptosis inducing ligand triggers 

apoptosis in dividing but not in differentiating human epidermal keratinocytes. J.Invest 

Dermatol. 121 (6):1433-1439. 

Jenner N, Campbell J, and Marks R (2004) Morbidity and cost of atopic eczema in 

Australia. Australas.J.Dermatol. 45 (1):16-22. 

Jeong CW et al (2003) Differential in vivo cytokine mRNA expression in lesional skin 

of intrinsic vs. extrinsic atopic dermatitis patients using semiquantitative RT-PCR. 

Clin.Exp.Allergy 33 (12):1717-1724. 



 285 

Jolles S, Hughes J, and Rustin M (2000) The treatment of atopic dermatitis with 

adjunctive high-dose intravenous immunoglobulin: a report of three patients and review 

of the literature. Br.J.Dermatol. 142 (3):551-554. 

Jones SA et al (2004) The effect of specific caspase inhibitors on TNF-alpha and 

butyrate-induced apoptosis of intestinal epithelial cells. Exp.Cell Res. 292 (1):29-39. 

Jost M et al (1999) A central role of Bcl-X(L) in the regulation of keratinocyte survival 

by autocrine EGFR ligands. J.Invest Dermatol. 112 (4):443-449. 

Kaur P and Li A (2000) Adhesive properties of human basal epidermal cells: An 

analysis of keratinocyte stem cells, transit amplifying cells, and postmitotic 

differentiating cells. J.Invest.Dermatol. 114 (3):413-420. 

Kemp AS (1999) Atopic eczema: its social and financial costs. J.Paediatr.Child Health 

35 (3):229-231. 

Kerr JF et al (1979) The nature of piecemeal necrosis in chronic active hepatitis. Lancet 

2 (8147):827-828. 

Kerr JF, Wyllie AH, and Currie AR (1972) Apoptosis: a basic biological phenomenon 

with wide-ranging implications in tissue kinetics. Br.J.Cancer 26 (4):239-257. 



 286 

Kluken H, Wienker T, and Bieber T (2003) Atopic eczema/dermatitis syndrome - a 

genetically complex disease. New advances in discovering the genetic contribution. 

Allergy 58 (1):5-12. 

Kobayashi SD et al (2003) Down-regulation of proinflammatory capacity during 

apoptosis in human polymorphonuclear leukocytes. J.Immunol. 170 (6):3357-3368. 

Konur A et al (2005) Interferon (IFN)-gamma is a main mediator of keratinocyte 

(HaCaT) apoptosis and contributes to autocrine IFN-gamma and tumour necrosis factor-

alpha production. Br.J.Dermatol. 152 (6):1134-1142. 

Krengel S et al (2005) Selective down-regulation of the alpha6-integrin subunit in 

melanocytes by UVB light. Exp.Dermatol. 14 (6):411-419. 

Kuhn C et al (1999) Activation of the insulin-like growth factor-1 receptor promotes the 

survival of human keratinocytes following ultraviolet B irradiation. Int.J.Cancer 80 

(3):431-438. 

Kulkarni AB et al (1993) Transforming growth factor 1 null mutation in mice causes 

excessive inflammatory response and early death. Proc.Natl.Acad.Sci.USA 90:770-774. 

Kulkarni AB and Karlsson S (1993) Transforming growth factor- 1 knockout mice:  A 

mutation in one cytokine gene causes a dramatic inflammatory disease. Am.J.Pathol. 

143:3-9. 



 287 

Kuwana T et al (1998) Apoptosis induction by caspase-8 is amplified through the 

mitochondrial release of cytochrome c. J.Biol.Chem. 273 (26):16589-16594. 

Langeveld-Wildschut EG et al (2000) Modulation of the atopy patch test reaction by 

topical corticosteroids and tar. J.Allergy Clin.Immunol. 106 (4):737-743. 

Lanschuetzer CM et al (2003) Characteristic immunohistochemical and ultrastructural 

findings indicate that Kindler's syndrome is an apoptotic skin disorder. J.Cutan.Pathol. 

30 (9):553-560. 

Larjava H et al (1993) Expression of integrins and basement membrane components by 

wound keratinocytes. J.Clin.Invest 92 (3):1425-1435. 

Le Bellego F et al (2005) Cytoskeleton reorganization mediates alpha6beta1 integrin-

associated actions of laminin on proliferation and survival, but not on steroidogenesis of 

ovine granulosa cells. Reprod.Biol.Endocrinol. 3:19. 

Lehman TA et al (1993) p53 mutations in human immortalized epithelial cell lines. 

Carcinogenesis 14 (5):833-839. 

Leung DY, Travers JB and Norris DA (1995) The role of superantigens in skin disease. J 

Invest Dermatol.  105 (1):37S-42S 

 

Leung DY et al (1998) The role of superantigens in human diseases: therapeutic 

implications for the treatment of skin diseases. Br J Dermatol. 139 (53):17-29. 



 288 

 

Leung DY (2000) Atopic dermatitis: new insights and opportunities for therapeutic 

intervention. J.Allergy Clin.Immunol. 105 (5):860-876. 

Leung DY and Boguniewicz M (2003) Advances in allergic skin diseases. J.Allergy 

Clin.Immunol. 111 (3 Suppl):S805-S812. 

Leverkus M et al (2003) TRAIL-induced apoptosis and gene induction in HaCaT 

keratinocytes: differential contribution of TRAIL receptors 1 and 2. J.Invest Dermatol. 

121 (1):149-155. 

Leverkus M, Yaar M, and Gilchrest BA (1997) Fas/Fas ligand interaction contributes to 

UV-induced apoptosis in human keratinocytes. Exp.Cell Res. 232 (2):255-262. 

Leyden JJ, Marples RR and Kligman AM (1974) Staphylococcus aureus in the lesions of 

atopic dermatitis. Br J Dermatol. 90 (5):525-30. 

 

Li A and Kaur P (2005) FACS enrichment of human keratinocyte stem cells. Methods 

Mol.Biol. 289:87-96. 

Li A, Simmons PJ, and Kaur P (1998) Identification and isolation of candidate human 

keratinocyte stem cells based on cell surface phenotype. Proc.Natl.Acad.Sci.U.S.A 95 

(7):3902-3907. 



 289 

Linseman DA et al (2002) Insulin-like growth factor-I blocks Bcl-2 interacting mediator 

of cell death (Bim) induction and intrinsic death signaling in cerebellar granule neurons. 

J.Neurosci. 22 (21):9287-9297. 

Litvak DA et al (2000) Induction of apoptosis in human gastric cancer by sodium 

butyrate. Anticancer Res. 20 (2A):779-784. 

Liu JP et al (1993) Mice carrying null mutations of the genes encoding insulin-like 

growth factor I (Igf-1) and type 1 IGF receptor (Igf1r). Cell 75 (1):59-72. 

Liu X et al (1997) DFF, a heterodimeric protein that functions downstream of caspase-3 

to trigger DNA fragmentation during apoptosis. Cell 89 (2):175-184. 

Liu Y, McKalip A, and Herman B (2000) Human papillomavirus type 16 E6 and HPV-

16 E6/E7 sensitize human keratinocytes to apoptosis induced by chemotherapeutic 

agents: roles of p53 and caspase activation. J.Cell Biochem. 78 (2):334-349. 

Lomo J et al (1995) TGF-beta 1 and cyclic AMP promote apoptosis in resting human B 

lymphocytes. J.Immunol. 154 (4):1634-1643. 

Lopez Casillas F et al (1994) Betaglycan can act as a dual modulator of TGF-beta access 

to signaling receptors: mapping of ligand binding and GAG attachment sites. J.Cell.Biol. 

124 (4):557-568. 



 290 

Lynch SE, Colvin RB, and Antoniades HN (1989) Growth factors in wound healing: 

Single and synergistic effects on partial thickness porcine skin wounds. J.Clin.Invest. 

84:640-646. 

Maher S et al (2002) Activation-induced cell death: the controversial role of Fas and Fas 

ligand in immune privilege and tumour counterattack. Immunol.Cell Biol. 80 (2):131-

137. 

Maianski NA, Roos D, and Kuijpers TW (2003) Tumor necrosis factor alpha induces a 

caspase-independent death pathway in human neutrophils. Blood. 101 (5):1987-1995. 

Mammone T et al (2000) Successful separation of apoptosis and necrosis pathways in 

HaCaT keratinocyte cells induced by UVB irradiation. Cell Biol.Toxicol. 16 (5):293-302. 

Manders SM (1998) Toxin-mediated streptococcal and staphylococcal disease. J Am 

Acad Dermatol. 39 (3):383-98 

 

Manohar A et al (2004) Alpha 3 beta 1 integrin promotes keratinocyte cell survival 

through activation of a MEK/ERK signaling pathway. J.Cell Sci. 117 (Pt 18):4043-4054. 

Marks R (2004) The stratum corneum barrier: the final frontier. J.Nutr. 134 (8 

Suppl):2017S-2021S. 



 291 

Medina V et al (1997) Induction of caspase-3 protease activity and apoptosis by butyrate 

and trichostatin A (inhibitors of histone deacetylase): dependence on protein synthesis 

and synergy with a mitochondrial/cytochrome c-dependent pathway. Cancer Res. 57 

(17):3697-3707. 

Miyamoto S et al (1995) Integrin function: molecular hierarchies of cytoskeletal and 

signaling molecules. J.Cell Biol. 131 (3):791-805. 

Monneret C (2005) Histone deacetylase inhibitors. Eur.J.Med.Chem. 40 (1):1-13. 

Moore JC, Ray AK, and Shakespeare PG (1993) Surface ultrastructure of human dermis 

and wounds. Br.J.Plast.Surg. 46:460-465. 

Moreau C et al (2003) Minimal BH3 peptides promote cell death by antagonizing anti-

apoptotic proteins. J.Biol.Chem. 278 (21):19426-19435. 

Nakatani T et al (2001) CCR4 memory CD4+ T lymphocytes are increased in peripheral 

blood and lesional skin from patients with atopic dermatitis. J.Allergy Clin.Immunol. 

107 (2):353-358. 

Neithardt A et al (2006) Dependence of GnRH-induced phosphorylation of CREB and 

BAD on EGF receptor transactivation in GT1-7 neuronal cells. J.Cell Physiol 208 

(3):586-593. 



 292 

Nicholson DW et al (1995) Identification and inhibition of the ICE/CED-3 protease 

necessary for mammalian apoptosis. Nature.  376 (6535):37-43. 

Nickoloff BJ et al (1993) Accessory cell function of keratinocytes for superantigens. 

Dependence on lymphocyte function-associated antigen-1/intercellular adhesion 

molecule-1 interaction. J.Immunol. 150 (6):2148-2159. 

Nickoloff BJ et al (1988) Modulation of keratinocyte motility. Correlation with 

production of extracellular matrix molecules in response to growth promoting and 

antiproliferative factors. Am.J.Pathol. 132 (3):543-551. 

Nomura I et al (2003) Distinct patterns of gene expression in the skin lesions of atopic 

dermatitis and psoriasis: a gene microarray analysis. J.Allergy Clin.Immunol. 112 

(6):1195-1202. 

Norris DA (1995) Differential control of cell death in the skin. Arch.Dermatol. 131 

(8):945-948. 

Norris DA et al (1997) Human keratinocytes maintain reversible anti-apoptotic defenses 

in vivo and in vitro. Apoptosis. 2 (2):136-148. 

Novak N et al (2003) Evidence for a differential expression of the FcepsilonRIgamma 

chain in dendritic cells of atopic and nonatopic donors. J.Clin.Invest 111 (7):1047-1056. 



 293 

 

Ormerod AD (2005) Topical tacrolimus and pimecrolimus and the risk of cancer: how 

much cause for concern? Br J Dermatol. 153 (4):701-5. 

 

Ortiz A et al (2001) Contribution of apoptotic cell death to renal injury. J.Cell Mol.Med. 

5 (1):18-32. 

Palmer CN et al (2006) Common loss-of-function variants of the epidermal barrier 

protein filaggrin are a major predisposing factor for atopic dermatitis. Nat Genet. 38 

(4):441-6. 

 

Park JE and Barbul A (2004) Understanding the role of immune regulation in wound 

healing. Am.J.Surg. 187 (5A):11S-16S. 

Park SM, Park HY, and Lee TH (2003) Functional effects of TNF-alpha on a human 

follicular dendritic cell line: persistent NF-kappa B activation and sensitization for Fas-

mediated apoptosis. J.Immunol. 171 (8):3955-3962. 

Parnia S and Frew AJ (2000) Chemokines and atopic dermatitis. J.Allergy Clin.Immunol. 

105 (5):892-894. 

Pastore S et al (1998) Interferon-gamma promotes exaggerated cytokine production in 

keratinocytes cultured from patients with atopic dermatitis. J.Allergy Clin.Immunol. 101 

(4 Pt 1):538-544. 



 294 

Pastore S et al (1997) Granulocyte macrophage colony-stimulating factor is 

overproduced by keratinocytes in atopic dermatitis. Implications for sustained dendritic 

cell activation in the skin. J.Clin.Invest 99 (12):3009-3017. 

Paulsson Y et al (1987) Effects of epidermal growth factor and platelet-derived growth 

factor on c-fos and c-myc mRNA levels in normal human fibroblasts. Exp Cell Res. 171 

(1):186-94. 

 

Penttila IA et al (2001) Immune modulation in suckling rat pups by a growth factor 

extract derived from milk whey. J.Dairy Res. 68 (4):587-599. 

Perkinton MS et al (2002) Phosphatidylinositol 3-kinase is a central mediator of NMDA 

receptor signalling to MAP kinase (Erk1/2), Akt/PKB and CREB in striatal neurones. 

J.Neurochem. 80 (2):239-254. 

Polakowska RR et al (1994) Apoptosis in human skin development: morphogenesis, 

periderm, and stem cells. Dev.Dyn. 199 (3):176-188. 

Pollanen MT, Overman DO, and Salonen JI (1997) Bacterial metabolites sodium 

butyrate and propionate inhibit epithelial cell growth in vitro. J.Periodontal Res. 32 

(3):326-334. 



 295 

Porter SN, Howarth GS, and Butler RN (1998) An orally administered growth factor 

extract derived from bovine whey suppresses breath ethane in colitic rats. 

Scand.J.Gastroenterol. 33 (9):967-974. 

Prince HM et al (2005) A phase Ib clinical trial of PV701, a milk-derived protein extract, 

for the prevention and treatment of oral mucositis in patients undergoing high-dose 

BEAM chemotherapy. Biol.Blood Marrow Transplant. 11 (7):512-520. 

Pullan S et al (1996) Requirement of basement membrane for the suppression of 

programmed cell death in mammary epithelium. J.Cell Sci. 109 ( Pt 3):631-642. 

Qin JZ et al (1999) Role of NF-kappaB in the apoptotic-resistant phenotype of 

keratinocytes. J.Biol.Chem. 274 (53):37957-37964. 

Quirk SM, Harman RM, and Cowan RG (2000) Regulation of Fas antigen (Fas, CD95)-

mediated apoptosis of bovine granulosa cells by serum and growth factors. Biol.Reprod. 

63 (5):1278-1284. 

Quirk SM et al (1998) Potentiation of Fas-mediated apoptosis of murine granulosa cells 

by interferon-gamma, tumor necrosis factor-alpha, and cycloheximide. Endocrinology 

139 (12):4860-4869. 

Raisova M et al (2001) The Bax/Bcl-2 ratio determines the susceptibility of human 

melanoma cells to CD95/Fas-mediated apoptosis. J.Invest Dermatol. 117 (2):333-340. 



 296 

Rayner TE et al (2000) Mitogenic whey extract stimulates wound repair activity in vitro 

and promotes healing of rat incisional wounds. Am.J.Physiol Regul.Integr.Comp Physiol 

278 (6):R1651-R1660. 

Reinartz J, Bechtel MJ, and Kramer MD (1996) Tumor necrosis factor-alpha-induced 

apoptosis in a human keratinocyte cell line (HaCaT) is counteracted by transforming 

growth factor-alpha. Exp.Cell Res. 228 (2):334-340. 

Reitamo S (2002) Topical Macrolide Immunomodulators for Therapy of Atopic 

Dermatitis. In Bieber T, Leung DYM (eds) Atopic Dermatitis, 1st ed. New York: Marcel 

Dekker. 

Ring J et al (2001) Why are allergies increasing? Curr.Opin.Immunol. 13 (6):701-708. 

Rogers ML et al (1996) Transforming growth factor  in bovine milk: Concentration, 

stability and molecular mass forms. J.Endocrinol. 151 (1):77-86. 

Rosato RR et al (2003) Simultaneous activation of the intrinsic and extrinsic pathways 

by histone deacetylase (HDAC) inhibitors and tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL) synergistically induces mitochondrial damage and apoptosis in 

human leukemia cells. Mol.Cancer Ther. 2 (12):1273-1284. 

Rudman SM et al (1997) The role of IGF-I in human skin and its appendages: 

morphogen as well as mitogen? J.Invest Dermatol. 109 (6):770-777. 



 297 

Ryan MC et al (1999) Targeted disruption of the LAMA3 gene in mice reveals 

abnormalities in survival and late stage differentiation of epithelial cells. J.Cell Biol. 145 

(6):1309-1323. 

Ryle CM et al (1989) Density-dependent modulation of synthesis of keratins 1 and 10 in 

the human keratinocyte line HACAT and in ras-transfected tumorigenic clones. 

Differentiation 40 (1):42-54. 

Saito T et al (2004) Differential activation of epidermal growth factor (EGF) receptor 

downstream signaling pathways by betacellulin and EGF. Endocrinology. 145 (9):4232-

43. 

 

Sayama K et al (1994) Expression of Fas antigen on keratinocytes in vivo and induction 

of apoptosis in cultured keratinocytes. J.Invest Dermatol. 103 (3):330-334. 

Schmidt R et al (1989) Sodium butyrate selectively antagonizes the inhibitory effect of 

retinoids on cornified envelope formation in cultured human keratinocytes. J.Cell 

Physiol 140 (2):281-287. 

Schmitz I et al (2003) An IL-2-dependent switch between CD95 signaling pathways 

sensitizes primary human T cells toward CD95-mediated activation-induced cell death. 

J.Immunol. 171 (6):2930-2936. 



 298 

Schoop VM, Mirancea N, and Fusenig NE (1999) Epidermal organization and 

differentiation of HaCaT keratinocytes in organotypic coculture with human dermal 

fibroblasts. J.Invest Dermatol. 112 (3):343-353. 

Schotte P et al (1999) Non-specific effects of methyl ketone peptide inhibitors of 

caspases. FEBS Lett. 442 (1):117-121. 

Schramm C et al (2003) TGF-beta regulates airway responses via T cells. J.Immunol. 

170 (3):1313-1319. 

Sebastiani S et al (2002) Nickel-specific CD4(+) and CD8(+) T cells display distinct 

migratory responses to chemokines produced during allergic contact dermatitis. J.Invest 

Dermatol. 118 (6):1052-1058. 

Sellheyer K et al (1993) Inhibition of skin development by overexpression of 

transforming growth factor beta 1 in the epidermis of transgenic mice. Proc Natl Acad 

Sci U S A. 90 (11):5237-41.  

 

Shin I et al (2001) Transforming growth factor beta enhances epithelial cell survival via 

Akt-dependent regulation of FKHRL1. Mol.Biol.Cell 12 (11):3328-3339. 

Sibilia M et al (2000) The EGF receptor provides an essential survival signal for SOS-

dependent skin tumor development. Cell  102 (2):211-220. 



 299 

Sidbury R and Hanifin JM (2000) Systemic therapy of atopic dermatitis. 

Clin.Exp.Dermatol. 25 (7):559-566. 

Sillett HK et al (2001) Transforming growth factor-beta promotes 'death by neglect' in 

post-activated human T cells. Immunology 102 (3):310-316. 

Singer KH et al (1989) Epidermal keratinocytes express the adhesion molecule 

intercellular adhesion molecule-1 in inflammatory dermatoses. J.Invest Dermatol. 92 

(5):746-750. 

Sitailo LA, Tibudan SS, and Denning MF (2002) Activation of caspase-9 is required for 

UV-induced apoptosis of human keratinocytes. J.Biol.Chem. 277 (22):19346-19352. 

Soehnge H, Ouhtit A, and Ananthaswamy ON (1997) Mechanisms of induction of skin 

cancer by UV radiation. Front Biosci. 2:d538-51.:d538-d551. 

Spergel JM et al (1999) Roles of TH1 and TH2 cytokines in a murine model of allergic 

dermatitis. J.Clin.Invest 103 (8):1103-1111. 

Staiano-Coico L et al (1989) Sodium-N-butyrate induces cytoskeletal rearrangements 

and formation of cornified envelopes in cultured adult human keratinocytes. Cell Tissue 

Kinet. 22 (5):361-375. 



 300 

Stegh AH et al (2000b) Identification of the cytolinker plectin as a major early in vivo 

substrate for caspase 8 during CD95- and tumor necrosis factor receptor-mediated 

apoptosis. Mol.Cell Biol. 20 (15):5665-5679. 

Stepp MA et al (1990) Alpha 6 beta 4 integrin heterodimer is a component of 

hemidesmosomes. Proc.Natl.Acad.Sci.U.S.A 87 (22):8970-8974. 

Stoll SW et al (1998) EGF receptor signaling inhibits keratinocyte apoptosis: evidence 

for mediation by Bcl-XL. Oncogene. 16 (11):1493-9. 

 

Strachan DP (1989) Hay fever, hygiene, and household size. BMJ 299 (6710):1259-1260. 

Strachan DP (2000) Family size, infection and atopy: the first decade of the "hygiene 

hypothesis". Thorax 55 Suppl 1:S2-10. 

Strauss G et al (2003) Constitutive caspase activation and impaired death-inducing 

signaling complex formation in CD95-resistant, long-term activated, antigen-specific T 

cells. J.Immunol. 171 (3):1172-1182. 

Sumimoto S et al (1992) Increased plasma tumour necrosis factor-alpha concentration in 

atopic dermatitis. Arch.Dis.Child 67 (3):277-279. 

Sumiyoshi K et al (2003) TGF-beta/Smad signaling inhibits IFN-gamma and TNF-

alpha-induced TARC (CCL17) production in HaCaT cells. J.Dermatol.Sci. 31 (1):53-58. 



 301 

Tabuchi Y et al (2002) Identification of genes responsive to sodium butyrate in colonic 

epithelial cells. Biochem.Biophys.Res.Commun. 293 (4):1287-1294. 

Takahashi H, Ishida-Yamamoto A, and Iizuka H (2001) Ultraviolet B irradiation induces 

apoptosis of keratinocytes by direct activation of Fas antigen. 

J.Investig.Dermatol.Symp.Proc. 6 (1):64-68. 

Takahashi T et al (1992) Production of IL-4, IL-2, IFN-gamma, and TNF-alpha by 

peripheral blood mononuclear cells of patients with atopic dermatitis. J.Dermatol.Sci. 3 

(3):172-180. 

Tam BYY, Germain L, and Philip A (1998) TGF-  receptor expression on human 

keratinocytes: A 150 kDa GPI- anchored TGF- 1 binding protein forms a heteromeric 

complex with type I and type II receptors. J.Cell.Biochem. 70 (4):573-586. 

Tan EM et al (1995) Platelet-derived growth factors-AA and -BB regulate collagen and 

collagenase gene expression differentially in human fibroblasts. Biochem J. 310 (2):585-

8. 

 

Tavakkol A et al (1999) Maintenance of human skin in organ culture: role for insulin-

like growth factor-1 receptor and epidermal growth factor receptor. Arch.Dermatol.Res. 

291 (12):643-651. 



 302 

Taylor JK et al (1999) Inhibition of Bcl-xL expression sensitizes normal human 

keratinocytes and epithelial cells to apoptotic stimuli.  Oncogene 18 (31):4495-4504. 

Tewari M et al (1995) Yama/CPP32 beta, a mammalian homolog of CED-3, is a CrmA-

inhibitable protease that cleaves the death substrate poly(ADP-ribose) polymerase. Cell. 

81 (5):801-809. 

Thepen T et al (1996) Biphasic response against aeroallergen in atopic dermatitis 

showing a switch from an initial TH2 response to a TH1 response in situ: an 

immunocytochemical study. J.Allergy Clin.Immunol. 97 (3):828-837. 

Tomas FM et al (1993) Anabolic effects of insulin-like growth factor-I (IGF-I) and an 

IGF-I variant in normal female rats. J.Endocrinol. 137 (3):413-421. 

Traidl C et al (2000) Disparate cytotoxic activity of nickel-specific CD8+ and CD4+ T 

cell subsets against keratinocytes. J.Immunol. 165 (6):3058-3064. 

Tran CD et al (2003) Dietary supplementation with zinc and a growth factor extract 

derived from bovine cheese whey improves methotrexate-damaged rat intestine. 

Am.J.Clin.Nutr. 77 (5):1296-1303. 

Trautmann A et al (2000a) T cell-mediated Fas-induced keratinocyte apoptosis plays a 

key pathogenetic role in eczematous dermatitis. J.Clin.Invest 106 (1):25-35. 



 303 

Trautmann A et al (2000b) Role of dysregulated apoptosis in atopic dermatitis. 

Apoptosis. 5 (5):425-429. 

Trautmann A et al (2000c) Role of dysregulated apoptosis in atopic dermatitis. 

Apoptosis. 5 (5):425-429. 

Trautmann A et al (2001a) New insights into the role of T cells in atopic dermatitis and 

allergic contact dermatitis. Trends Immunol. 22 (10):530-532. 

Trautmann A et al (2001b) The differential fate of cadherins during T-cell-induced 

keratinocyte apoptosis leads to spongiosis in eczematous dermatitis. J.Invest Dermatol. 

117 (4):927-934. 

Trautmann A et al (2001c) Targeting keratinocyte apoptosis in the treatment of atopic 

dermatitis and allergic contact dermatitis. J.Allergy Clin.Immunol. 108 (5):839-846. 

Tu W, Cheung PT, and Lau YL (2000) Insulin-like growth factor 1 promotes cord blood 

T cell maturation and inhibits its spontaneous and phytohemagglutinin-induced 

apoptosis through different mechanisms. J.Immunol. 165 (3):1331-1336. 

Urayama S et al (1997) Fas/Fas ligand interaction regulates cytotoxicity of CD4+ T cells 

against staphylococcal enterotoxin B-pulsed endothelial cells. Biochem Biophys Res 

Commun. 239 (3):782-8. 

 



 304 

Varelias A et al (2006) Mitogenic bovine whey extract modulates matrix 

metalloproteinase-2, -9, and tissue inhibitor of matrix metalloproteinase-2 levels in 

chronic leg ulcers. Wound.Repair Regen. 14 (1):28-37. 

Verhagen J et al (2006) Absence of T-regulatory cell expression and function in atopic 

dermatitis skin. J.Allergy Clin.Immunol. 117 (1):176-183. 

Vestergaard C et al (2000) A Th2 chemokine, TARC, produced by keratinocytes may 

recruit CLA+CCR4+ lymphocytes into lesional atopic dermatitis skin. J.Invest Dermatol. 

115 (4):640-646. 

Viard-Leveugle I et al (2003) Intracellular localization of keratinocyte Fas ligand 

explains lack of cytolytic activity under physiological conditions. J.Biol.Chem. 278 

(18):16183-16188. 

Viard I et al (1998) Inhibition of toxic epidermal necrolysis by blockade of CD95 with 

human intravenous immunoglobulin. Science 282 (5388):490-493. 

Walsh PT, Smith LM, and O'Connor R (2002) Insulin-like growth factor-1 activates Akt 

and Jun N-terminal kinases (JNKs) in promoting the survival of T lymphocytes. 

Immunology 107 (4):461-471. 

Wang M et al (2003) Insulin-like growth factor-1 in myocardial tissue: interaction with 

tumor necrosis factor. Crit Care. 7 (6):417-9.  



 305 

 

Wang XJ (2001) Role of TGF  signaling in skin carcinogenesis. Microsc.Res.Tech. 52 

(4):420-429. 

Warburton D et al (2003) Growth factor signaling in lung morphogenetic centers: 

automaticity, stereotypy and symmetry. Respiratory Research. 4:5 

 

Webb A, Li A, and Kaur P (2004) Location and phenotype of human adult keratinocyte 

stem cells of the skin. Differentiation 72 (8):387-395. 

Weil M, Raff MC, and Braga VM (1999) Caspase activation in the terminal 

differentiation of human epidermal keratinocytes. Curr.Biol. 9 (7):361-364. 

Werfel T KA (2002) T-cells in atopic dermatitis. In Bieber T LD (ed) Atopic Dermatitis. 

New York: Marcel Dekker Incorporated USA. 

Wu YL et al (1996) Activation of the insulin-like growth factor-I receptor inhibits tumor 

necrosis factor-induced cell death. J.Cell.Physiol. 168 (3):499-509. 

Wu YL et al (2004) Clinical significance of serum IGF-I, IGF-II and IGFBP-3 in liver 

cirrhosis. World J.Gastroenterol. 10 (18):2740-2743. 



 306 

Wuthrich B, Schmid-Grendelmeier P (2002) Definition and Diagnosis of Intrinsic 

Versus Extrinsic Atopic Dermatitis. In Bieber T, Leung DYM (eds) Atopic Dermatitis, 

1st ed. New York: Marcel Dekker. 

Xie Z et al (2005) Calcium-induced human keratinocyte differentiation requires src- and 

fyn-mediated phosphatidylinositol 3-kinase-dependent activation of phospholipase C-

gamma1. Mol.Biol.Cell 16 (7):3236-3246. 

Yuryev A and Wennogle LP (1998) The RAF family: an expanding network of post-

translational controls and protein-protein interactions. Cell Res. 8 (2):81-98. 

Zhang F et al (1998) Regulation of the activity of IFN-gamma promoter elements during 

Th cell differentiation. J.Immunol. 161 (11):6105-6112. 

Zhang J et al (1999) Inhibition of caspases inhibits the release of apoptotic bodies: Bcl-2 

inhibits the initiation of formation of apoptotic bodies in chemotherapeutic agent-

induced apoptosis. J.Cell Biol. 145 (1):99-108. 

Zheng X et al (2002) TGF-beta1-mediated regulation of thymus and activation-regulated 

chemokine (TARC/CCL17) synthesis and secretion by HaCaT cells co-stimulated with 

TNF-alpha and IFN-gamma. J.Dermatol.Sci. 30 (2):154-160. 



 307 

Zhu WG and Otterson GA (2003) The interaction of histone deacetylase inhibitors and 

DNA methyltransferase inhibitors in the treatment of human cancer cells. 

Curr.Med.Chem.Anti.-Canc.Agents 3 (3):187-199. 

 




