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Objective Bioprotein or bacterial single-cell protein (SCP) consists of dry bacterial biomass mainly of a single
gram-negative species that contains endotoxins. Used as animal feed, bioprotein was produced in a biotechnology
plant in Norway from 1999 until 2006, when the plant was closed down. This paper summarizes four previously
published studies, where we aimed to explore the inflammatory effects of endotoxin exposure from bacterial
SCP on the plant employees.

Methods Most of the 28 workers that were examined in 2003 and 2005, among them five women, worked fulltime at the plant. We collected blood, measured lung function, and performed sputum analysis.

Results Our previous findings showed that exposure to endotoxins exceeded 200 endotoxin units/m3 in 80% of
the measurements. During a work shift in 2003, significant decreases in forced vital capacity (FVC) and forced
expiratory volume in one second (FEV1) were detected along with an increase in the white blood cell count and
serum IL-6 (interleukin-6). In 2005, compared to a control group, an abundance of neutrophils was detected in
the sputum of the workers handing bioprotein in addition to circulating lipopolysaccharides (LPS) and increased
inflammatory markers in plasma.

Conclusion Prolonged exposure to bacterial SCP, resulting in inhalation of endotoxin into the blood, is probably
the cause of inflammatory responses in the lung and blood.
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In 1999, a plant producing a bacterial single cell protein (SCP) called bioprotein was established in Møre
and Romsdal, a county situated in the central part of
Norway. Bioprotein consists of dry bacterial biomass
mainly of a single gram-negative species (Methylococcus capsulatum) and was used as protein enrichment in
animal feed. The bacteria are cultivated using gas from
the North Sea as the carbon source and ammonia as the
nitrogen source. The bacterial mass is harvested continuously; cultivation fluid is removed by centrifugation and
the slurry is dried in a spray dryer. The resulting product
is called bacterial SCP or bioprotein. The final product
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contains endotoxins from the cell wall because the bacterium is gram-negative (G-). Endotoxins are lipopolysaccharides (LPS) that are covalently bound to the cell
wall, can activate macrophages and epithelial cells, and
induce a pro-inflammatory cytokine response.
Soon after the production began, the workers at the
plant experienced attacks of fever, fatigue, chest tightness, skin dryness/eczema, rubor, and inflammation of
the eyes. These symptoms developed mainly after episodes of high exposure to bioprotein dust and resembled
organic dust toxic syndrome. This syndrome has been
reported in farmers and cotton and sawmill workers,
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who are exposed to various biological agents, including
bacteria, endotoxins, and fungal spores (1–3). However,
exposure at the bioprotein plant was mainly limited to a
single microbial agent.
Two studies of production workers handling SCP
have been published previously. These workers were
exposed to the bacteria Methylophilus methylotrophus
(4) and Methylomonas methanolytica (5), respectively,
both of which are G- species. Similar reactions to those
of the bioprotein workers were reported and ascribed
to the endotoxins that these bacteria contain, although
endotoxin exposure had not been measured.
This paper summarizes four previously published
papers from our group on the bioprotein workers (6–9)
including lung function changes during a work shift,
characterization of the inflammation reaction in induced
sputum and blood samples, and demonstration of LPS
in the workers’ plasma. The inflammatory effects of
bioprotein were examined in an in vitro experiment
using human whole blood (7). This paper is based on a
presentation made at the Nordic Institute for Advanced
Training in Occupational Health workshop on chronic
obstructive pulmonary disease in Oslo in 2008.

Table 1. The characteristics of the workers at baseline. (SD = standard deviation; FVC = forced vital capacity; FEV1 = forced expiratory
volume in one second; FEF25–75% = maximal mid expiratory flow)
Women (N=5)
Mean
Age (years)
Height (cm)
Weight (kg)
FVC (l)
FEV1 (l)
FEF25–75% (l/s)

32.8
166.8
65.2
4.18
3.29
2.99

SD

Men (N=23)

Range

9.0
25–48
8.5 153–175
11.8
50–82
0.43		
0.37		
0.59		

Mean
35.7
181.0
90.4
5.59
4.33
3.99

SD

Range

5.9
28–51
6.8 168–195
17.2 71–150
0.81
0.63
1.38

Study population and methods
We examined 28 workers, among them five women,
in a cross-shift manner in 2003 (6) and cross-sectionally in 2005 (8, 9). The plant closed in 2006. On both
occasions, the measurements were conducted during
early spring. Six of the workers (21%) were smokers
of between 1–20 cigarettes per day. Three workers, all
men, reported having physician-diagnosed asthma. We
collected blood samples and measured lung function in
2003 and 2005 (table 1).

Figure 1. Bioprotein clusters of dead bacteria.

Results
Exposure
Initially the production at the plant was irregular due to
startup. However, production was quite regular during
2003–2006. We measured exposure to endotoxins in
personal samples of inhalable dust that were analyzed
by a kinetic limulus amoebocyte lysate (LAL) assay (6).
The aerosol contained aggregates of bacteria typical of
bioprotein that were abundant in the samples [figure 1
(unpublished results)].
During phase I of the study, most of the workers
performed a specific “dusty” task and consequently
used respiratory protection (figure 2). The endotoxin
concentrations that were measured, therefore, over-

Figure 2. A worker highly exposed to endotoxins emptying sacks
containing bioprotein.

estimated the exposure levels. However, two of the
workers reported fever, which is indicative of high
endotoxin exposure. Endotoxin measurements of these
two workers were also among the highest measured
values, 65 000 and 89 000 endotoxin units (EU)/m3.
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It is, therefore, likely that a significant proportion of
the airborne endotoxin was inhaled despite the use of a
respirator (6). Throughout the study period, more than
80% of the measurements exceeded 200 EU/m3, and
exposure levels were generally above this level when
workers did not use respiratory protection [geometric
mean 1200 EU/m3 (N=5)].
Production in 2005 was more regular (9). All operators working with dry bioprotein used respiratory protection, but still endotoxin concentrations were relatively
high [7100 EU/m3 (median, range 500–20 000, N=6)].
Production workers not handling bioprotein seldom used
respirators. Their measurements showed 300 EU/m 3
(median range 70–800, N=15) and can be regarded as
an unbiased estimate of endotoxin exposure.
Health effects
The lung function and blood parameters of 28 workers,
before and after a work shift, are shown in table 2. There
were significant decreases in forced vital capacity (FVC)
and forced expiratory volume in one second (FEV1) during the work shift while the white blood cell count and
serum IL-6 (interleukin-6) increased significantly (6).
Lung function values and IL-6 returned to before-shift
levels the next day preceding work. Fibrinogen showed,
however, a borderline increase the following day (6).
We were able to detect change in the lachrymal fluid
in six out of the 28 workers returning after shift. They
had rubor and injection in their eyes, and two had visible
pus in their eyes. Figure 3 shows neutrophil granulocytes
in the lachrymal fluid. In an in vitro experiment, human
whole blood was incubated with the bioprotein. Of 27
different cytokines, chemokines, and growth factors, 14
increased in a dose-dependent manner (7).

associations were found with increased endotoxin concentration for fever reaction (only two symptomatic
workers with exposure data) and dry skin/eczema (6).
Sputum analysis
We analyzed sputum of the 21 non-smoking workers
at the plant in 2005 (8). We detected an abundance of
neutrophils, as compared to a control group. Neutrophil
levels did not return to normal when the sputum induction was repeated six days post-exposure (8).
Biomarkers and lipopolysaccharides in blood
LPS and several inflammatory protein markers were significantly elevated in the blood samples of the exposed
workers compared to the non-exposed controls (9).

Table 2. Lung function and blood parameters during cross-shift
[adapted from (6)]. (SD = standard deviation; FVC = forced vital
capacity; FEV1 = forced expiratory volume in one second; FEF25–75%
= ����������������������������������������������������
maximal mid expiratory flow������������������������
; IL-6 = interleukin-6.)
Before
shift

FVC (l)
FEV1 (l)
FEF25–75% (l/s)
White blood
cells (109/l)
IL-6 (ng/l)
Fibrinogen (g/l)
a

Associations between outcome and exposure

After
shift

One day later,
preceding shift

Mean

SD

Mean

SD

Mean

SD

5.35
4.24
4.14

0.8
0.7
1.6

5.18
4.09
3.91

0.8
0.6
1.4

5.29
4.18
3.90

0.9
0.7
1.3

0.4
0.2
0.2

7.2 1.1
1.83 0.9
2.88 0.35

0.2
0.5
0.06

6.8 1.3
1.64 0.6
2.63 0.39

7.2 1.5
3.60 2.9
2.51 0.64

Paired t-test before shift and day after P-value.

Using linear regression, we found a significant association between the log-transformed endotoxin concentration and decrease in FEV1 among operators even when
they used respirators during the work shift (6). Figure 4
shows the association between FEV1 change and endotoxin exposure during cross-shift measurements in 2003
and 2004. The decrease in FEV1 occurred mainly at
exposure levels greater than 1000 EU/m3, when a protection factor of 10 is applied for respirator use.
Symptoms
During the high exposure period in 2003, we noted
work-related symptoms. Dry skin/eczema was reported
by more than half of the workers, fever reactions during
and/or after work by four workers, and eye irritations
during and/or after work by six workers (6). Significant
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Figure 3. Neutrophil granulocytes in the lachrymal fluid.
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Discussion
We found a decrease in FEV1 and FVC, peripheral blood
leucocytosis, an increase in serum IL-6, and a borderline
increase in fibrinogen in workers during a work shift in a
bacterial SCP plant (6). This was supported by an in vitro
study that showed an induction of the complement pathways as well as a cytokine response, indicating a potent
inflammatory response after a bioprotein challenge (7).
Sputum analysis revealed an excess of neutrophils that
did not decline even after six days without exposure
(8). In addition, LPS was detected in the plasma of
the workers as compared to control subjects (9). The
exposed workers also had elevated plasma levels of
the inflammatory protein markers monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory
protein 1 alpha (MIP-1a), and matrix metalloproteinase
3 (MMP-3), compared to the non-exposed controls. IL-6
and C-reactive protein (CRP) were also elevated among
the exposed group, but not significantly (9).
Temporary decreases in FVC and FEV1 have been
demonstrated in industries where workers are exposed
to endotoxins (10). Exposure below 200 EU/m 3 is
believed to result in no excess loss of lung function
(11). The present studies suggest a no-effect level
for  endotoxin from Methylococcus capsulatum of
1000 EU/m3, which is in agreement with the 200 EU/m3
limit because there is considerable uncertainty due to
the small size of the population and the use of respiratory protection.
The detected inflammation within the lung (6, 8)
could be due to the fact that the exposure of most
operators at the plant was high, exceeding the exposure
levels considered ethical in human challenge studies
(12). Based on endotoxin-related chronic lung-function
impairment, threshold levels have been suggested below
20 ng/m3 or 200 EU/m3 (10).

Figure 4. Change in forced expiratory volume in one second (FEV1) versus endotoxin
exposure.

The abundance of neutrophil granulocytes detected
in the eyes of some of the workers after their work
shift further documents the inflammatory properties
of bioprotein. Such responses have not been reported
previously to our knowledge. The neutrophil response
may be due to the relatively large size of the single-cell
protein particles that were found in personal samples,
some greater than 100 µm, because such particles can
easily deposit in the eye (6).
We were able to detect LPS in the blood plasma of
the workers, along with increased circulating inflammatory markers. To our knowledge, no previous reports
of LPS in blood after occupational endotoxin-exposure
have been published. Along with LPS, several acutephase cytokines were detected in plasma among the
exposed workers (9) indicating that the endotoxin
induced systemic inflammation. The 2003 cross-shift
study’s finding of increased blood leukocytes and IL–6,
as well as a borderline fibrinogen increase the following day, further support these findings (6). This has
also been demonstrated in an in vivo experiment among
human volunteers where LPS was injected into the blood
stream resulting in elevated levels of cytokines in the
plasma afterwards (13).
LPS may translocate from the airways into the blood,
as shown in an animal model, where LPS penetrates the
lung barrier and subsequently is detected in the blood
(14). In inflammatory bowel disease, LPS-leakage from
the inflammatory gut to the blood has also been demonstrated, maybe due to increased permeability of the
intestinal mucosa (15). It could therefore be plausible
that LPS translocates from the inflamed lung directly
into the blood in this occupational setting.
An inflammatory response after inhalation of bacterial endotoxins and translocation of endotoxin into
the blood is probably the mechanism that explains the
effects observed in our studies. Endotoxins or the LPS
in the bacterial SCP have macrophages and epithelial
SJWEH Suppl 2009, no 7

39

Lung function, inflammation, and endotoxins

cells in the lung as target cells. Stimulated cells can
call upon neutrophil granulocytes in the lung, platelets
can stick to the vessel wall, and endothelial cells can be
damaged. The activated macrophages can produce blood
chemotactic factors, promoting inflammatory changes
in the airways and systemic reactions such as fever and
leucocytosis (16). However, other components in the
bacteria may play a role as these will be correlated with
endotoxin.
In conclusion, the results published so far show at
least a temporary reduction in FVC and FEV1, the latter
associated with the level of endotoxin exposure (6). An
increase in blood leukocytes, elevated levels of neutrophils in the sputum, and blood inflammation mediators
along with LPS in the blood of the workers have also
been found (7–9).
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