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Summary:  Erythmphagocytosis induces in monocytes-macrophages the synthesis of stress 
proteins including the classical heat shock proteins OISPs) and heine oxygenase (HO). To 
evaluate the role of oxygen radicals in this induction, we used the antioxidant flavonoids 
quercetin and kaempferol. These compounds inhibited HSP and HO synthesis, the latter being 
more sensitive. Quercetin and kaempferol also are inhibitors of protein kinase C (PKC). In 
order to determine whether inhibition of stress protein synthesis by flavonoids was mediated by 
their antioxidant properties or by PKC inhibition, we also tested more specific PKC 
antagonists, staurosporine and H-7. Staurosporine (SS) and H-7 decreased the synthesis of 
HSP70 and HSP83 but had no effect on HO. These data suggest that (1) erytlm3phagocytosis- 
related oxygen radicals are involved in the induction of the stress response in phagocytic cells, 
(2) the induction of HSPs and HO is differentially regulated, and (3) the effects of flavonoids 
on HO are linked to their scavenging activity rather than to PKC modulation, o ~99~ A~adem~ 
Press, Ine. 

The heat shock (HS) response has been observed in all organisms exposed to elevated 

temperatures. Since other agents also increase the synthesis of HS proteins (I-ISPs), these 

proteins are generally referred to as stress proteins. Whereas stress inducers elicit the increased 

expression of the same families of HSPs, there also are stress proteins unique to a particular 

agent(s). This is the case for the 32 kD stress protein associated with oxidative injury (1) and 

the glucose-regulated proteins induced by glucose deprivation (2). 

HS gene activation involves the binding of a HS factor(s)to the HS element(s), this binding 

activity being heat-inducible (3). The cellular signals leading to the induction of stress protein 

synthesis include the presence of abnormal or degraded proteins (4). Several groups including 

our's have investigated the possibility that classical second messengers such as calcium or 

inositol phosphate participate in the cascade of stressful events leading to induction of HSPs (5, 

6). The possibility that protein kinase C (PKC) is involved in HSP induction has recently been 

HS, heat shock; HSP, heat shock protein; HO, heine oxygenase; PKC, 
protein kinase C; SS, staurosporine; H-7, 1-(5-isoquinolinyl)-2-methylpiperazine; OFR, 
oxygen free radicals; 02-, superoxide; PMA, phorbol myristate acetate; oSRBC, opsonized 
sheep red blood cells; OZ, opsonized zymosan. 
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suggested by the findings that HS increased the cytosolic PKC activity in rat embryo fibroblasts 

(7). It has also been suggested that HS-mediated induction of HSPs is directly related to the 

generation of reactive oxygen species and membrane lipid pemxidation (8); furthermore, 

oxygen derived toxic metabolltes may also play a role in stress protein induction by leading to 

protein alterations (9, 10 ). 

We have previously developed a model (erythrophagocytosis) in which induction of stress 

proteins appears directly dependent upon the generation of oxygen free radicals (OFR), and in 

particular, hydroxyl radicals (11). During erythrophagocytosis, the induction of the classical 

HSPs (47, 65, 70, 83-90, 110 kD) is associated with the synthesis of an oxidation-specific, 

non-heat-inducible stress protein, heine oxygenase (HO). HO is differentially regulated 

depending on the organism. Whereas the rat HO gene contains a HS concensus sequence and 

consequently is heat-activated (12, 13), heat falls to induce HO in mouse or human cells (12). 

In order to specify the respective roles of OFR and PKC in the induction of HSPs after HS and 

during erythrophagocytosis, we have used both flavonoids and the more specific PKC 

inhibitors, SS and 1-(5-isoquinolinylsulfonyl)-2-methylpiperazine (H-7). Flavonoids are radical 

scavengers, iron chelators (14), PKC inhibitors (15) and also prevent HSP induction after HS 

in HeLa cells (16). Here we report that the induction of stress proteins (and in particular HO) 

during erythrophagocytosis appears independent of PKC activation, and we provide further 

evidence suggesting reactive oxygen species play a role in stress protein induction. 

Materials and Methods 

Cells and culture methods. Peripheral human mononuclear cells were isolated by FicoU 
gradient and monocytes were purified by adherence as previously described (17). Freshly 
isolated cells were cultured in antibiotic-free RPMI 1640 medium (Gibco Laboratories, Paisley, 
Scotland) supplemented with 10% fetal calf serum ( FCS; Gibco) and 1% glutamine (Gibco), 
and incubated at 37°C in a humidified atmosphere containing 95% air and 5% CO 2. 

Superoxide measurement. Monocytes were washed three times with phosphate- 
buffered saline (PBS; Gibco) and resuspended in a buffer containing 138 mM NaC1; 6 mM 
KCI; 1 mM MgSO4.7H20; 1.1 mM CaC12.2H20; 0.2 mM EGTA; 5.5 mM glucose; 20 mM 
Hepes, pH 7.4. 106 cells were stimulated with 1.6x10-7 M phorbol myristate (PMA; Sigma) or 

3 mg/mi opsonized zymosan (Sigma) for 30 min at 37oC and superoxide (O 2- ) measured by the 
superoxide dismutase-inhibitable reduction of cytochrome c as previously described (18). The 
effects of SS (5-100 riM) and H-7 (10-100 laM) were tested by preincubating the cells for 15 
rain with the inhibitors before stimulation with PMA or OZ. 

Erythrophagoeytosis. Sheep red blood cells (SRBC; BioM&ieux, France) were washed 
three times by centrifugation with physiologic NaCl and opsonized with rabbit anti-SRBC in 
1% bovine serum albumine (BSA)-NaC1 for 30 min. Following opsonization, erythrocytes 
were washed again and added to culture dishes at a ratio of SRBC to phagocytes of 600:1. The 
cells were allowed to phagocytose for 3 h and then labeled for 90 rain as described below. 
Percentage phagocytic cells were determined by counting 200 cells in each of 3 different cellular 
prepartions stained with May-Grfinwald-Giemsa. 

Exposure to HS and electrophoresis. Cells were exposed to 44°C in a water bath for 
20 rain in 25 mM Hepes-buffered medium. SS (50 nM) or H-7 (100 IxM) were added 15 rain 
before, and the flavonoids quercetin or kaempferol (100 RM) 5 min before HS or the beginning 
of erythrophagocytosis. The cells were allowed to recover at 37°C for 2 h after I-IS then labeled 
with 9 ttCi/ml [35S]methionine (Amersham, Buckingham.~hire, UK) for 90 min. The cells were 
harvested, washed twice with PBS, lysed in sodium dodecyl sulfate (SDS) buffer (19) and 
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boiled for 10 min in the presence of 4% b-mercaptoethanol. Extracts corresponding to equal cell 
numbers were eiectrophoresed on SDS-polyacrylamide slab gels according to Laemmli (19). 
The proteins were detected by autoradiography on X-Omat AR films (Kodak, Lausanne, 
Switzerland). Scanning densitometry was performed with a Genoscan TM laser beam 
densitometer (Genofit, Geneva, Switzerland). 

Results 

Inhibition of the stress response by flavonoids. Following addition of quercetin or kaempferol, 

monocytes were exposed to 44°C for 20 min and allowed to recover from I-IS at 37°C for 2 h, 

while parallel cudtures were used for phagocytosis of oSRBC for 3 h. The pattern of protein 

synthesis following these treatments is shown in Fig. la, and the corresponding scannings in 

Fig. lb. First, the flavonoids had no effect on protein synthesis in unstressed cells (Fig 1, a and 

b, lanes 2 and 3). Second, as previously described (16) both quercetin and kaempferol 

decreased the heat-induced synthesis of HSP70 and HSP83 (Fig 1, a and b, lanes 5 and 6). 

Third, during erythrophagocytosis, the flavonoids completely inhibited the induction of the 32 

kD oxidative stress-specific protein related to erythrophagocytosis (Fig 1, a and b, lanes 8 and 

9) but only decre~ed the synthesis of the classical HSPs (70 and 83 kD). Kaempferol, which 

was the more potent inhibitor of stress protein synthesis, had no effect on phagocytosis (97% + 
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1. (a) Inhibition of stress response in human 
(Q) or kaempferol (K). Human monocytes were preincuhated with the 
flavonoids before exposure to heat or erythrophagocytosis, and cells labeled and 
processed as described under Materials and Methods. Aliquots corresponding to equal 
cell numbers were loaded on each lane. Quercetin and kaempferol had no effect by 
themselves on protein synthesis by monocytes: lane 2 (Q), lane 3 
(K) vs lane I; in contrast, HSP70 and HSP83 synthesis was decreased in the presence of 
flavonoids: /ane 5 (Q) and lane 6 (K) vs lane 4; erythrophagocytosis-related 32 kD 
protein synthesis was inhibited by the flavonoids: lane 8 (Q),/ane 9 (K) vs/ane 7. 
(b) Digrammatic representation of relative surface of band intensity 
obtained by scanning densitome~'y. The numbers of the lanes correspond to Fig. la. In 
the presence of the flavonoids, the levels of HO are similar to control levels (lanes 8 and 9 
vs lane I). 
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Fig. 2.(a-b)Effect of protein kinase inhibitors on PMA2 or opsonized zymosan- 
stimulated superoxide production by monocytes. The cells wcrc prcincubated 15 
rain with SS (a) or H-7 (b) and then stimulated for 30 min at 37°C with either 
1.6 x 10-7 M PMA or 3 mg/ml OZ. The results represent means + SEM from 3 different 
experiments in which each sample was performed in triplicates. PMA-stimulated 
superoxide production was inhibited in a dose-dependent manner by both PKC 
antagonists. As expected superoxide production stimulated by OZ was not affected by 
PKC inhibitors. 

0.2 phagocytic cells [mean + SEM, n=3] as compared to control), whereas quercetin reduced 

the number of phagocytic cells by 32% + 2.7 (mean + SEM, n=3). 

Effects of  PKC inhibitors on lISP synthesis. The inhibitory effects of SS (5-100 nM) or H-7 

(10-100 ~tM) on PKC activity were first established in our system on the PMA-stimulated 

generation of 02- as a PKC-mediated pathway. Monocytes were incubated with increasing 

concentrations ofPKC inhibitors for 15 rain before the 30 rain stimulation with either 1.6xl0 "7 

M PMA or OZ (3 mg/ml), a phagocytic stimulus. Fig. 2a shows the results from 3 distinct 

experiments on the effects of SS. SS inhibited PMA-stimulated 0 2  production in a dose- 

dependent manner (from 30 to 6 nmoles with increasing SS from 0 to 50 nM). H-7 had similar 

effects but to a lesser extent (Fig. 2b). Neither SS nor H-7 affected oz-mediated 02- generation 

because OZ activates O 2" production through a phospholipase A2-mediated pathway (18). 

Having established that SS and H-7 inhibit PKC-mediated 0 2  production in monocytes, we 

used the same inhibitors to determine whether a PKC-mediated event was implicated in the 

stress response induction. Using optimal doses of SS (50 nM) and H-7 (100 ~M) we evaluated 

their effects on the synthesis of HSPs in cells exposed to 44°C or to opsonized SRBC (Fig. 3). 

Whereas SS and H-7 slightly inhibited the beat-induced HSP synthesis, they had no significant 

effect on stress protein synthesis during erythrophagocytosis (Fig. 3). 

D i s c u s s i o n  

The stress/I-IS response results in the expression of a highly conserved set of genes, the HS 

genes and in the synthesis of HSPs (20), following exposure to a variety of stressful 
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Fig. 3. Effect of SS or H-7 on HSP synthesis in human monocytes. Monocytes 
were treated with the inhibitors for 15 min and then exposed (+) or not (-) to 44oC or to 
oSRBC in the presence or the absence of SS (SS, 50 nM) or H-7 (100 p.M). The more 
effective PKC inhibitor SS (see Fig 2a) decreased HSP synthesis after HS (lane 4 vs lane 
2), whereas SS or H-7 had no effect on HO induction during erythrophagocytosis (lanes 
8 and 9 vs/ann 7). 

conditions. We have previously shown that erythrophagocytosis induced in human 

monocytes-macrophages the synthesis of classical HSPs as well as HO (11). We hypothesized 

that HSP induction under these conditions was mediated by the iron-dependent O2--driven 

Fenton reaction (Fe 2+ + H202 - -  Fe 3+ + HO" + HO), which results in the generation of reactive 

oxygen species. To test this hypothesis, we i'LrSt examined the effects of antioxidant molecules 

such as flavonoids. Flavonoids have been previously shown to prevent HSP synthesis after HS 

in HeLa cells and have been suggested to act at the transcriptional level (16). Havonoids are 

non-toxic plant phenolic compounds with antioxidant properties, and provide direct scavenging 

activity by preventing the O2--related Fenton reaction and limiting lipid peroxidation (14). In 

human monocytes,  quercetin and kaempferol inhibited both the heat- and the 

erythrophagocytosis-induced stress response (Fig. 1). The inhibitory effects of kaempferol on 

stress protein induction during erythrophagocytosis were not related to a decreased 

phagocytosis. These effects were most s "tr~king on the induction of the erythrophagocytosis- 

related HO, which became undetectable when erythrophagocytosis occured in the presence of 

flavonoids. Since HO is considered as an oxidant-specific stress proteins, we suggest that the 

inhibitory effect of flavonoids on HO is related to their antioxidant properties. On the other 

hand, the partial inhibition, by flavonoids, of heat-induced HSPs supports Burdon's hypothesis 

of a role for reactive oxygen species in HSP induction after HS (8). 

Another target of flavonoids is the ubiquitous transmembrane enzyme PKC (15). Since the 

PKC activity is increased during I-IS, flavonoids could also interfere with HSP synthesis by 
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inhibiting PKC pathway(s). Quercetin and kaempferol have potent PKC inhibition activity (15). 

We thus tested in our model the more specific PKC inhibitors SS and H-7. SS inhibits phorbol 

ester-induced pathways, such as a rise in intracellular calcium (21) and CR3-mediated 

phagocytosis in neutrophils (22); H-7 is less potent than SS, acting at micromolar 

concentrations and showing limited selectivity (23). 

We first established that these compounds selectively inhibited a PKC-mediated event in our 

model (i.e., involvement of PKC in the activation of NADPH oxidase has been described by 

Maridonneau-Parini et al. (18). In phagocytic cells, NADPH oxidase is a key enzyme which 

catalyzes the formation of 02; other reactive oxygen species (hydrogen peroxide and, in the 

presence of iron, hydroxyl radicals) are then generated from 02-. NADPH oxidase can be 

activated either through a PKC pathway (after stimulation with PMA) or a pbospholipase A2 

pathway (after stimulation with opsonized zymosan). Both SS and H-7 inhibited PMA- but not 

zymosan-stimulated superoxide production by monocytes (Fig. 2, a and b) in a dose-dependent 

manner, stauropsorine being more effective than H-7. When tested at optimal concentrations, 

SS and H-7 slightly decreased heat-induced HSP synthesis but had no effect on the 

erythrophagocytosis-related induction of HO (Fig. 3). Thus, whereas induction of the classical 

HSPs appears, at least in part, dependent on PKC, HO induction, in contrast, appears strictly 

dependent upon oxygen reactive species. 

In conclusion, our results indicate that PKC is not involved in the inhibition of 

erythrophagocytosis-mediated HO synthesis by flavonoids, and further support the role for free 

radicals in the induction of stress proteins in phagocytes. Different mechanisms appear to 

regulate the heat- or erythrophagocytosis-induced stress response, both a PKC-mediated event 

and OFR being involved in beat-induced HSP synthesis, whereas OFR would represent the 

main stressor during erythrophagocytosis. 
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