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Summary. Naturally occurring humic substances are
particular chemical compounds which are found in hu-
mus. They bind to carbohydrates, amino acids and ster-
oids by means of hydrogen bonds, covalent bonds and
epsilon donor-acceptor complexes. Three specimens of
low-molecular humic substances were tested (two natu-
rally occurring humates and one synthetically prepared
humate). They were all capable of stimulating certain
functions of human neutrophils (PMN), such as the re-
spiratory burst which results in the production of toxic
oxygen compounds. This PMN stimulation can be dem-
onstrated with the help of chemiluminescence, as well
as by cytochemistry and with the electron microscope.
The main product of the humate-induced PMN response
is H,O,. There was no activation of neutrophilic che-
mokinesis or chemotaxis. It is suggested that the low-
molecular humic substances originating from decaying
organic material contain chemical structures which can
act as signals to change dormant PMN into activated
cells.

Key words: Humic substances — Humate — Human neu-
trophils — Respiratory burst — Chemiluminescence —
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Introduction

Naturally occurring humic substances (Berzelius 1893;
Hoppe-Seyler 1889) are particular chemical compounds
which are found in humus. They have a brown colour
and are formed during the process known as humifica-
tion from dead rotting organic material.

Humic acids arise from their precursors during the
course of humification and, together with other non-
humic substances, bind themselves to chemically inert
humines which are finally incorporated into the process
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of carbonisation (Ziechmann 1980, 1988). In comparison
with the humic acids themselves and with humines, the
precursors of humic acids have a low molecular weight
of about 1 kD. It is possible to reconstruct a model of
their genesis, and it has been described mathematically
by Kappeler and Ziechmann (1969) as a sequence of
interrelated Markoff processes (Kingman 1969 ; Batsche-
let 1979). The synthesis of such a model humic substance
is initiated by the autoxidation of multivalent phenols
(Diebler et al. 1961; Ziechmann 1980), which appear
naturally following the hydrolisation of lignins. As the
result of the electrophilic attack on a displaceable elec-
tron by an epsilon-acceptor ~ usually molecular oxygen
— highly reactive radicals are formed, which possess a
single unpaired electron. The instability of such an oxy-
gen radical is partly, but not completely, reduced by
intramolecular mesomery. This leads to the appearance
of, for instance, p-benzo-semiquinone anions as O- or
C-radicals. As a result of the ever-increasing intramole-
cular mesomery, two C-radicals may become united by
a C-C- bond, or a C- and an O-radical by an -O- bond.

Finally, the building up of side chains may be
brought about by nucleophil substitution. In this way
large molecular complexes can originate from the bind-
ing together of individual chemical building-blocks to
produce a complex end structure (Ziechmann 1988,
Thurmann and Malcolm 1983). The molecular bonds
resulting from epsilon transfer between the individual
molecules are further stabilised in this manner, and this
produces intermolecular mesomery. Some molecules act
as epsilon donors, and others as epsilon acceptors, there-
by building up epsilon donor-acceptor complexes (Ziech-
mann 1988). That these processes also take place in natu-
rally occurring humic substances can be demonstrated
from the fact that they possess a high degree of electrical
conductivity and act as weak semiconductors in the solid
state (Lentz and Ziechmann 1967). The final stage con-
sists of the appearance of carboxyl groups, which are
brought into existence by the oxidation of CH;- groups
or by the opening of rings with subsequent oxidation
(Ziechmann 1980).
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Fig. 1. Important structural characteristics of a model humic sub-
stance. /. aromatic ring; 2. chinoid ring; 3. aliphatic side-chain
produced by breaking up of ring structure; 4. O-bonds; 5. C-
bonds; 6. C-C-bonds; 7. carboxyl groups; 8. phenolic -OH groups
(R=1-8)

Humic acids and humates therefore consist of numer-
ous phenol and quinone rings (Fig. 1), brought together
by -O-, -C- and -C-C- bonds to form complex building
blocks which cannot be defined in classical chemical
terms (Thurman and Malcolm 1983; Ziechmann 1988).
These building blocks can bind themselves to amino
acids and peptides, as well as to carbohydrates and ster-
oids, by means of covalent bonding, hydrogen bonding
or epsilon donor-acceptor complex bonding (Miiller-
Wegener 1982; Ziechmann 1988), bringing about an in-
crease in entropy of the dead material up to a particular
level. In this way humines are produced which lose their
chemical reactivity pari passu with an increase in molec-
ular weight.

These physicochemical properties of the low-molecu-
lar humic substances seem to be responsible for some
reactions occurring in tissues (Jonas and Riede 1979,
1990; Riede et al. 1990; Kiithnert 1989), such as antibac-
terial effects (Kihnert etal. 1989), antiviral effects
(Kiihnert et al. 1989) desmutagenic effects (Sato et al.
1986, 1987; Gichner et al. 1990) and also stimulating
effects on oxidative phosphorylation in rat liver mito-
chondria (Visser 1987). To evaluate the possible role of
humates in the inflammatory process (Lange et al. 1987),
we stimulated human neutrophil granulocytes (PMN)
with different natural and synthetically prepared humic
substances and studied their reaction histochemically,
under the electron microscope and with the help of che-
miluminescence.

Material and methods

Humic substances. The following three preparations of humic sub-
stances (humates) have been available to us:

1. Unpurified natural raw humate obtained from Farberde (Kas-
seler Braun) with an average molecular weight of 15kD (1.5~
50 kD);

2. Purified natural humate (FL-70) obtained from Farberde (Kas-
seler Braun) (Mach 1980) with an average molecular weight of
3kD (0.5 kD-5kD);

3. Highly purified synthetic humate (HS-1500) (Seubert et al. 1989)
with an average molecular weight of 1.5 kD (0.5 kD-2 kD).

PMN isolation. Human PMN (polymorphonuclear neutrophil
granulocytes) were isolated from heparin-anticoagulated venous
blood from healthy donors in a way that has already been described
(Kapp et al. 1989, 1988), by Ficoll gradient centrifugation and three
30 s cycles of 0.2% NaCl treatment followed by the addition of

an equal volume of 1.6% NaCl to lyse red blood cells. Cells were
98% PMN as judged by Pappenheim staining and more than 95%
viable by trypan blue exclusion. They were used immediately for
the experiments in order to avoid storage-associated alterations
in the cytoskeleton (Palm et al. 1981).

Chemiluminescence. PMN (5 x 10° cells per ml) were placed in a
solution of HBSS (Hank’s balanced salt solution), buffered at
pH 7.4 with HEPES (4-(2-Hydroxyethyl)-1-piperazine-ethanesul-
fonic acid), to which 2.2 ml of lucigenin and 1 mg/ml BSA had
been added. Measurement of the lucigenin-dependent chemilumin-
escence was made after the addition of humate fractions and stimu-
lation for 60 min at 37° C, as has previously been described (Kapp
et al. 1985). The results were recorded as integral counts x 1075,

Electron microscopy. In order to investigate the effect of the humic
substances, PMN (5 x 108 cells per ml) were placed in microreac-
tion chambers for examination under the transmission electron
microscope, and in a concentration of 1 x 10° cells per ml in Leight-
on tubes (Costar-Tecnorama, Fernwald) for examination with the
scanning electron microscope. Finally, PMN were treated with var-
ious concentrations of humate substances for 30 min at 37° C at
pH 7.2, and either stimulated or allowed to remain unstimulated.
Stimulation with phorbol myristate acetate (PMA) (10 ng/ml)
served as a positive control. Following the relevant incubation time,
the PMN were immediately fixed for transmission or scanning elec-
tron microscopy by a method already described (Zeck-Kapp et al.
1989), or further treated for the demonstration of H,0, and then
examined with the transmission electron microscope (Zeck-Kapp
et al. 1989).

For examination with the scanning electron microscope, PMN
were fixed in glutaraldehyde and then post-fixed in osmium tetrox-
ide by a method already described (Zeck-Kapp et al. 1989). The
specimens were dehydrated in an acetone series until a critical dry-
ing point had been reached, and then gold-sputtered and examined
under a Jeol J-35 scanning electron microscope.

Histochemistry. The combined ultrastructural and histochemical
demonstration of H,0, production involved a method described
by Briggs and his co-workers (1975). Briefly, after centrifugation,
unfixed cells were preincubated for 10 min at 37° C in 0.1 M Tris-
maleate with 7% sucrose, pH 7.5, containing 1 mM Aminotriazole
(AT). The final incubation medium consisted of 0.1 M Tris-maleate
with 7% sucrose, pH 7.5, 10 mM AT and 1 mM CeCl;. PMN
were incubated for 30 min at 37° C in this medium. Thereafter,
PMN were washed in Tris-maleate buffer with 7% sucrose at 4° C
and fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer,
pH 7.3, with 5% sucrose for 60 min at 4° C. In the cerium precipita-
tion series, cells were subsequently washed in sodium cacodylate-
buffer, pH 6.0, with 5% sucrose for 60 min at 4° C. The PMN
were finally washed overnight in a 0.1 M sodium cacodylate buffer
at pH 7.3 and 5% sucrose, and post-fixed for 60 min in 2% osmium
tetroxide in the same buffer. Dehydration in ascending alcohols
was followed by embedding in araldite. The ultrathin sections were
routinely cut with a Reichert Ultratom 3, stained in 4% aqueous
uranyl acetate and lead citrate and examined under a Zeiss 9 S-2
electron microscope.

Chemotaxis. Chemotaxis was examined in a Sykes-Moore chamber
under an inverting microscope (Leitz Diavert) equipped for reflec-
tion contrast microscopy by a method that has already been re-
ported (Keller 1983). The percentage of PMN that had migrated
out of the total number of cells on each surface was determined
(Keller 1983) with different concentrations of humate (HS-1500),
three tests being carried out for each. An immunocomplex-activat-
ed specimen of human plasma served as a positive control medium
(Keller et al. 1976).

Chemokinesis. The investigative routine used for chemotaxis is also
appropriate for chemokinesis (Keller 1983). The motility of non-
adherent, free-floating PMN was determined, and the proportion



Table 1. Lucigenin-dependent chemiluminescent {=CL) response
due to various stimuli acting on PMN

CL response
(Counts x 107)

Stimulus

Humate FL-70

1000 pug/ml 743+ 7.6°
100 pg/ml 3002+ 6.3
10pg/ml 234.1+30.5
1pg/ml 9.0+ 34
Background 44+ 16
Phorbol myristate actetate 871.8+29.7

(10 ng/ml)

* The values correspond to the mean + SE from 3 experiments on
blood from 3 different donors (i.e. a total of 9 experiments)

of PMN showing ““crawling-like” movements (polarised cells) and
the number of round (unpolarised) cells were counted in two differ-
ent experiments with varying concentrations of humate (HS-1500).

A specimen of human plasma, to which a chemotactic hexapep-
tide (F-NPNTL) in a concentration of 107° M had been added,
served as a control medium (Keller 1983). (f-NPNTL = N-formyl-
L-norleucyl-L-leucyl-L-phenylalanyl-L-norleucyl-L-tyrosyl-L-lysin).

Results

Response to chemiluminescence

The unpurified natural fraction of humic substance, the
purified natural fraction (FL-70) and the highly purified
synthetic low-molecular fraction were all capable, in
doses from 10 to 1000 pg/ml, of inducing a lucigenin-
dependent chemiluminescent response. The maximum
response was found with the purified humic substances
in a concentration of about 100 pg/ml (Table 1). Up to
this maximum value, the chemiluminescent response is
dependent on the dose. Higher concentrations than
100 pg/ml of the humic substance produce a lower re-
sponse (Table 1). None of the humic substance fractions
investigated produced a chemiluminescent signal in the
absence of granulocytes. As with phorbol myristate ace-
tate (PMA 10 ng/ml), the arousal of the chemilumines-
cent response after stimulation with the three humic sub-
stances employed, produced a maximum response within
10 to 15 min after the addition of the humic substance,
with a total kinetic of 60 min with the higher (100 pg/ml)
and 120 min with the lower (10 pg/ml) concentration of
the humic substances (Figs. 2, 3). The addition of super-
oxide dismutase, a specific scavenger of O,-, reduced
the chemilumiscent response to the low-molecular humic
substance fraction FL-70. In any case, catalase, which
has a *“scavenger specificity” for H,O,, significantly re-
duces the chemiluminescent response. On the other
hand, D-mannitol, with a ““scavenger specificity” for
the hydroxyl radical OH, has a potentiating effect on
the chemiluminescent response to humate (Table 2).
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Fig. 2. Graphic representation of lucigenin-dependent chemilumin-
escent response following stimulation of human PMN with various
concentrations of an unpurified natural humate from Farberde

Fig. 3. Graphic representation of lucigenin-dependent chemilumin-
escent response following stimulation of human PMN with various
concentrations of a highly purified synthetic and low-molecular
humate (HS-1500)

Table 2. Lucigenin-dependent chemiluminescent response following
stimulation of PMN by humate (FL-70) under the influence of
various inhibitors

Inhibitors CL response

(Counts x107%)

Humate (10 pg/ml)

+Medium 233.1+35.6°
+ Superoxide dismutase (200 pg/ml) 144.6 +25.1
+ Catalase 99.31+35.9
+ D-Mannitol (100 mM) 518.24+91.9
Background 56+ 1.7

 The values correspond to the mean +SE from three experiments
on blood from three different donors (i.e. a total of nine experi-
ments)

Ultrastructural changes

Unstimulated PMN have a spherical appearance
(Fig. 4a). Their surfaces are slightly folded, and this does
not change during the incubation period. Under the
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transmission electron microscope, their irregular multi-
crenated nuclei, surrounded by numbers of variously
structured granules, are striking. In addition, several mi-
tochondria and single collections of glycogen are found
in the moderately dense cytoplasm (Fig. 4¢). Following
stimulation with 100 pg/ml of the humic substances FL-
70 and HS-1500, characteristic changes have already ap-
peared in the granulocytes: the cells aggregate (Fig. 5¢),
spread themselves over the plate and thus become con-
siderably more flattened out, so that peripherally the
granulocytes are limited by only a thin margin (Fig. 4b).
As a result of the humate stimulation, one also sees
electronlucent vacuoles lying immediately under the cell
membrane (Fig. 4d). This signifies that both natural and
synthetic humic substances possess the ability to activate
PMN. In order to provide a comparable positive stimu-
lus, PMA (10 ng/ml) was added. As with the humate,
the spherical shape of the unstimulated granulocytes

Fig. 4. a Unstimulated human PMN
(15 min/37° C; SEM; Magn. x 2500).
b Human PMN after stimulation with
natural low-molecular humate (FL-70
100 pg/ml, 15 min/37° C; SEM; Magn.
x 3800).

(Fig. 4a) disappears and the cells again become adherent
to the plate, so that they disperse centrifugally and be-
come markedly flattened (Fig. 5a). Under the transmis-
sion electron microscope one can observe the develop-
ment of numerous pseudopodium-like projections of cy-
toplasm which arrange themselves around the periphery
of the granulocyte like a wreath. In addition, one again
sees numerous electron-lucent intracytoplasmic vacuolar
structures of varying size (Fig. 5b). Stimulation of gran-
ulocytes with low-molecular humic substances or with
PMA leads to the generation of H,0O,, which is in agree-
ment with the functional investigations. The production
of H,0, during the activation of the granulocytes can
be made visible under the transmission electron micro-
scope as an clectron-dense deposit of cerium perhydrox-
ide. After stimulation for over 30 min with low-molecu-
lar humates (100 pg/ml), the outer side of the cell mem-
brane and the luminal side of the intracellular electron-



lucent vacuoles are covered with an electron-dense de-
posit of the cerium reaction products (Fig. 5d). The den-
sity of the specific deposit is entirely comparable with
the reaction of the granulocytes following PMA stimula-
tion (10 ng/ml) for 15 min. In the unstimulated cells,
a deposit of cerium perhydroxide cannot be demon-
strated. Therefore, no production of H,O, can be de-
tected.

Chemotaxis, chemokinesis

The addition of synthetic humate (HS-1500) in various
concentrations produces no signs of chemotactic activity
(Table 3). Neither could any be found with such low-
molecular humate as that in which the PMN were che-
mokinetically stimulated (Table 4).
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¢ Unstimulated human PMN (15 min/
37° C; TEM; Magn. x 6000). d Human
PMN after stimulation with natural low-
molecular humate (FL-70 100 pg/ml,

15 min/37° C; TEM; Magn. x 6000)

Discussion

It is clear from the present investigation that natural
and synthetic humic substances stimulate certain func-
tions of the PMN. Since this stimulation of the PMN
can be demonstrated for both the unpurified and puri-
fied, and therefore for low-molecular humic substances,
it may be assumed that the effect is associated with low-
molecular humates or, at least, that it is not lost in the
lower molecular fraction. PMN stimulation can be dem-
onstrated with the help of chemiluminescence, as well
as by cytochemistry and with the electron microscope.
Measurement of the production of reactive oxygen me-
tabolites by granulocytes using the chemiluminescent re-
sponse is dose-dependent, and reaches a maximum at
a humate concentration of 100 pg/ml. Higher concentra-
tions than this lead to a reduced chemiluminescent re-
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Fig. 5. a Human PMN after stimulation with PMA (10 ng/ml;
15 min/37° C; SEM; Magn. x 3000). b Ultrastructural demonstra-
tion of hydrogen peroxide production after stimulating PMN with
PMA (10 ng/ml, 15 min/37° C; TEM; x 17000). ¢ Aggregation of

sponse on the part of the granulocytes. This may be
because the use of humic substances with a pH 5-6 in
high concentrations has a cytotoxic effect on the cell.
Against this view, it can be claimed that the humate
fractions were buffered at a pH 7.2, and showed ultra-
structurally no signs of producing damage. On the other
hand, it is also conceivable that humic substances, be-
cause they are potent epsilon acceptor-donor com-
pounds, are themselves able to capture radicals and thus

PMN following stimulation with humate (FL-70, 100 pg/ml;
15 min/37° C; TEM; Magn. x 4000). d Ultrastructural demonstra-
tion of hydrogen peroxide production after stimulating PMN with
humate (FL-70, 100 pg/ml, 15 min/37° C; TEM; x 12000)

remove the oxygen-containing radicals which are pro-
duced. It is not possible to say, as a result of this investi-
gation, whether the reduction of the effect with higher
concentrations of humate is due to the oxygen radicals
on the reactive surface of the cell being absorbed by
the humate itself. It also follows that, in the absence
of granulocytes, the humic substances employed produce
no chemiluminescent signal and therefore reveal no
source of reactive oxygen metabolites. Corresponding



Table 3. Percentages of migrated PMN per total PMN count during
humate (HS-1500) stimulation

X SD
1. Medium 019+ 0.1
2. Activated human plasma (20%) 22.82 +12.01
3. 1 pg humate/ml 0.52 + 0.30
4. 10 pg humate/ml 046+ 0.20
5. 50 pg humate/ml 0.35+ 0.09
6. 100 pg humate/ml 0.23+ 0.10
7. 200 pg humate/ml 0.16 + 0.026

Means £+ SD of three tests

Table 4. Change in cell shape of free floating PMN after humate
(HS-1500) stimulation

Round PMN in % Polarised PMN in %

Mean SD Mean SD

1. Medium 88.50 +10.60 3.00 +4.24

2. Medium 9.00+ 1.41 89.50 +6.36
+FNLPNTL 107° M

3. Medium 93.00 £ 9.90 0.50 +0.71
+humate 1 pg/ml

4. Medium 86.00 +16.90 1.00 +1.42
+humate 10 pg/ml

5. Medium 91.00 + 9.90 1.50 +2.12
+humate 50 ug/ml

6. Medium 86.50 +10.60 0 +0
+humate 100 pg/ml

7. Medium 86.60 +14.80 2.50+3.53

+humate 200 pg/ml

Percentage means+ SD of two tests

inhibition experiments on the production of reactive ox-
ygen compounds with catalase have shown that H,O,
is obviously the main product of the humate-induced
granulocytic response. Why D-mannitol should have a
potentiating influence on the stimulation of granulocytes
by humates is still not clear and requires further investi-
gation. In comparison with other substances (Zeck-
Kapp et al. 1989) which can activate granulocytes, it
is apparent that the low-molecular humic substances ob-
viously occupy an intermediate position between non-
specific stimulation with phorbol esters and stimulation
with cytokines such as GM-CSF and TNF (Kownatzki
and Uhrich 1987; Kapp et al. 1988; Kownatzki et al.
1988; Zeck-Kapp et al. 1989). After being stimulated by
humate, the granulocytes become active and adhere to
the plate, obviously in readiness for chemotactic move-
ment. However, they show no chemokinetic or chemo-
tactic activity. As the main product of humate-induced
activation, H,O, appears on the surface of the cell. The
corresponding histochemical reaction product reveals
that activity of a membrane-bound oxidase, which is
localised on the outer surface of the cell membrane (Bad-
way and Karnowski 1980; Dewald and Bagglioni 1979),

33

has been induced. In comparison with the phorbol esters,
the production of translucent vacuole-like inwardly-di-
rected swellings of the cell membrane is a characteristic
of granulocyte stimulation which is significantly more
pronounced when brought about by humate. In contrast,
however, to activation by phorbol esters, humate stimu-
lates only partial functions such as the respiratory burst
which results in the production of toxic oxygen com-
pounds and has no mitogenic effects (Kaden and Riede
unpublished work).

These findings indicate that both the natural and
synthetic humic substances tested do release specific re-
sponses from the PMN particularly because thrombo-
cytes do not respond to humates (Kanz and Riede un-
published work). An explanation for this lies in the fact
that neutrophil granulocytes do not have capacity for
differentiating between foreign and host antigens (Weiss
1989). For this they require support from the immune
system in the form of antibodies, complement and cytok-
ines. If normal host tissues are inappropriately identified
as foreign, damaged or necrotic structures, the appro-
priate membrane receptors of the neutrophils will be
engaged, eliciting the cells’ destructive potential (Weiss
1989). It is even possible that low-molecular humic sub-
stances originating from decaying (in other words, ne-
crotic) organic material contain chemical structures
which can act as signals to change dormant neutrophil
granulocytes into activated cells.
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