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A B S T R A C T   

Carbon black exposure causes oxidative stress, inflammation and genotoxicity. The objective of this systematic 
review was to assess the contributions of primary (i.e. direct formation of DNA damage) and secondary geno-
toxicity (i.e., DNA lesions produced indirectly by inflammation) to the overall level of DNA damage by carbon 
black. The database is dominated by studies that have measured DNA damage by the comet assay. Cell culture 
studies indicate a genotoxic action of carbon black, which might be mediated by oxidative stress. Many in vivo 
studies originate from one laboratory that has investigated the genotoxic effects of Printex 90 in mice by intra- 
tracheal instillation. Meta-analysis and pooled analysis of these results demonstrate that Printex 90 exposure is 
associated with a slightly increased level of DNA strand breaks in bronchoalveolar lavage cells and lung tissue. 
Other types of genotoxic damage have not been investigated as thoroughly as DNA strand breaks, although there 
is evidence to suggest that carbon black exposure might increase the mutation frequency and cytogenetic end-
points. Stratification of studies according to concurrent inflammation and DNA damage does not indicate that 
carbon black exposure gives rise to secondary genotoxicity. Even substantial pulmonary inflammation is at best 
only associated with a weak genotoxic response in lung tissue. In conclusion, the review indicates that nanosized 
carbon black is a weak genotoxic agent and this effect is more likely to originate from a primary genotoxic 
mechanism of action, mediated by e.g., oxidative stress, than inflammation-driven (secondary) genotoxicity.   

1. Introduction 

Carbon black is a poorly soluble material that is categorized as 
possibly carcinogenic to humans (Group 2B) by the International 
Agency for Research on Cancer due to evidence of lung tumor formation 
after long-term inhalation exposure in rats [1]. In the rationale for the 
classification of carbon black, IARC noted that there is “a sequence of 
events that starts with impaired clearance and accumulation of particles 
in the lung, causing inflammation, cell injury and production of reactive 
oxygen species (ROS) that eventually lead to mutations”. The relevance 
of this mechanism of action for lung cancers in humans has been debated 
because the excessive risk occurs at doses of carbon black where the 
particle deposition overwhelms the clearance mechanism in the lungs 
[2]. Namely, persistent pulmonary inflammation occurs when the 
clearance mechanism is “overloaded” and toxicological responses to 
doses above this threshold should not be extrapolated to lower doses [3]. 
Connected to this role of inflammation in carcinogenicity are certain 

studies that have shown that direct carbon black exposure to rat lung 
epithelial (RLE-6TG) cells did not increase the mutation frequency, 
whereas incubation of the same cell line with bronchoalveolar lavage 
(BAL) cells from carbon black-exposed rats caused mutations in 
RLE-6TG cells [4,5]. This observation has been instrumental in fostering 
the concept of secondary genotoxicity (i.e., indirect DNA damage caused 
e.g., by inflammatory cells that produce ROS as result of metabolic ac-
tivities) as opposed to primary genotoxicity (i.e. direct formation of DNA 
adducts or oxidatively damaged DNA by ROS or lipid peroxidation 
products generated by surface reactivity of nanoparticles) [6–8]. 

The objective of the present review was to assess the experimental 
evidence of secondary genotoxicity, and the magnitude of genotoxicity 
of carbon black nanoparticles. To this end, we have reviewed in vitro 
and in vivo studies on pulmonary toxicity of nanosized carbon black. 
Most studies on nanosized carbon black have been conducted on Printex 
90, whereas other carbon blacks have only been used in few or even 
single studies. Thus, we have segregated the review into Printex 90 and 
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other (“miscellaneous”) carbon blacks. Printex 90 has a primary particle 
size of 14 nm, surface area of approximately 300 m2/g, very low content 
of polycyclic aromatic hydrocarbons and endotoxins [9–11]. Several 
studies have demonstrated that inhalation of Printex 90 causes lung 
inflammation in mice and rats with a dose-response relationship that 
demonstrates a sigmoid curve between the deposited particle surface 
area and influx of neutrophils or levels of pro-inflammatory cytokines in 
BAL fluid [12–14]. In addition, Printex 90 exposure has been shown to 
cause lung tumors in rats in chronic inhalation studies [15]. We consider 
other nanosized carbon blacks to have the same mechanism of action as 
Printex 90 (e.g., inflammation and oxidative stress). It should be noted 
that a carbon black called Elftex-12 (37 nm) has been shown to be 
carcinogenic in rats after inhalation exposure [16]. The review is based 
on two hypotheses: (1) nanosized carbon black is genotoxic, and (2) the 
genotoxicity of carbon black is caused by inflammation. The first part of 
the review is based on studies of Printex 90. As it turns out, the majority 
of these studies originate from our own research communications, which 
has offered the unique opportunity to conduct both a meta-analysis and 
pooled analysis on largely the same dataset. Subsequently, we expand 
the findings on Printex 90 to other nanosized carbon blacks. Lastly, we 
have conducted an in-depth and critical assessment of our search 
strategy on publications on genotoxicity of nanosized carbon blacks. 

2. Methods 

The steps in the systematic review and hypothesis are depicted as a 
flow diagram in Fig. 1. Relevant studies (or publications) were identified 
by search in the PubMed database. The quality of this systematic search 
was subsequently assessed in the review process. We used both quali-
tative and quantitative analyses of the genotoxic effect caused by 
nanosized carbon black. The qualitative assessment was used to address 
the question of whether all nanosized carbon blacks are genotoxic, and 
whether such genotoxicity is driven by inflammation (i.e., secondary 
genotoxicity). The quantitative analysis included a meta-analysis and 
pooled analysis on DNA strand breaks by Printex 90 in animals. Thus, 
the quantitative assessment produces an estimate the effect size (i.e., the 
level of DNA damage produced by nanosized carbon black). 

In this review, we distinguish between studies (in analysis of geno-
toxic effects) and publications (in analysis of publication or search bias in 
the systematic review). Each study/publication may contain several 
endpoints of genotoxicity (e.g. DNA strand breaks or mutations). Primary 

genotoxicity is defined as DNA damage that is caused directly by particles 
via binding to DNA or ROS production. Secondary genotoxicity is an in-
direct effect caused by inflammatory cells via e.g., secretion of pro- 
inflammatory cytokines or ROS production. Thus, the adjective of the 
noun genotoxicity refers to the mechanism of action that includes both 
primary and secondary effects. For instance, DNA strand breaks are the 
same irrespectively of the mechanism of action, but a standard in vitro 
experiment with one cell type detects only primary genotoxicity, 
whereas co-culture of inflammatory and other cells can distinguish be-
tween primary and secondary genotoxicity. Similarly, DNA damage in 
animal models per se is the result of both primary and secondary gen-
otoxicity, although, for instance, co-administration of anti-inflammatory 
drugs or genotoxicity in absence of inflammation should in principle 
enable the discrimination between primary and secondary genotoxicity 
in vivo. 

2.1. Literature search 

We used search terms as follows: ("Carbon Black" OR Printex OR 
Cabot OR Monarch) [4504 hits] and (“Genotoxicity” OR “Mutagenicity” 
OR “Mutagen” OR “Mutations” OR “Clastogen” OR “Micronuclei” OR 
“Micronucleus” OR “8-oxodG” OR “8-OH-dG” OR “DNA Damage" OR 
”DNA lesions” OR “strand breaks” OR “Double strand breaks” OR 
"Comet Assay" OR “DNA adducts" OR “oxidative DNA damage” OR 
"Sister Chromatid Exchanges" OR "Chromosome Aberrations”) [238,096 
hits], which generated a total of 117 hits in PubMed (abstracted March 
3rd, 2022). As verification of the completeness of the literature search, 
we compared the database of publications to those in a previously 
published systematic review by Chaudhuri and co-workers [17]. In the 
review, we included a number of studies, which were identified by 
Chaudhuri and co-workers [17], but were not found by our literature 
search. In addition, some other studies were not found in our literature 
search or by Chaudhuri and co-workers [17]. These studies had been 
identified in our previous publications on carbon black or Google 
searches by using the search terms described above. We did not attempt 
to refine the original search strategy to construct a complete set of terms 
that would identify all studies because our aim was to compare our 
search results to those of Chaudhuri and co-workers [17]. 

2.2. Inclusion of studies and endpoints of genotoxicity 

The review only considered studies on nanosized carbon black, 
defined as a primary particle size that is less than 100 nm. Studies on 
genotoxicity in mammalian cell cultures and animal somatic tissues 
have been screened for inclusion in the review. All results on genotox-
icity were included in the review unless there were specific reasons for 
excluding certain studies or endpoints (see Section 2.3). For animal 
studies, all types of pulmonary exposures are included in the review. In 
vitro studies are included if they are based on mammalian cells. How-
ever, rigorous physico-chemical characterization of particles was not 
used as criteria for including or excluding studies. A thorough particle 
characterization is not an indicator of the quality of experiment (expo-
sure condition) or DNA damage measurements. In addition, we have not 
used cell death or viability as criteria for including studies. Carbon black 
is considered to be a representative material of poorly soluble low 
toxicity particles [3,18]. The classification is not based on a threshold of 
toxicity, but rather empirical observations that certain materials (e.g., 
crystalline silica) are more toxic than other materials (e.g., carbon 
black). For practical purposes, carbon black is not expected to cause 
extensive cytotoxicity or cell death at concentrations that are used in in 
vitro studies on genotoxicity. There is not a general recommendation of 
the level of cytotoxicity and cell death that bias the measurement of DNA 
damage (e.g., DNA adducts, DNA strand breaks and oxidatively 
damaged DNA). Values of 20–30 % cytotoxicity or cell death have 
typically been used as cut-off for biased comet assay results, but a recent 
re-assessment of the literature indicates that even 50 % cytotoxicity or 

Fig. 1. Flow of systematic review, including key research questions. Relevant 
studies (or publications) were identified by PubMed searches and the quality of 
the systematic search was assessed. The analysis included both a quantitative 
and qualitative assessment. The quantitative assessment included a pooled 
analysis and meta-analysis, and the effect obtained in the meta-analysis was 
compared to the pooled analysis. The qualitative assessment was used to 
address the question of whether all nanosized carbon blacks are genotoxic and 
whether this is likely to be inflammation-driven (secondary) genotoxicity. 
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cell death do not affect DNA damage measured by the comet assay [19]. 
Assays on permanent manifestation of DNA damage (e.g., chromosome 
aberrations, micronuclei and mutations) use an indicator of prolifera-
tion capacity, which is relatively modest as for instance a 55 % reduction 
of the proliferation index is acceptable in the micronucleus assay [20]. 
We have used 50 % cytotoxicity or cell death as cut-off for biased results 
in genotoxicity assays in the present review. 

2.3. Exclusion of studies and endpoints of genotoxicity 

Studies and/or endpoints of genotoxicity were excluded if DNA 
damage had been assessed in second generation tissue (i.e., germ cells, 
fetus or off-spring). In addition, results from certain assays with meth-
odological flaws have been excluded from the review. Applying these 
exclusion criteria means that results from some tissues can be included 
in the review (e.g., lung tissue), whereas others are excluded (e.g., off- 
spring). Likewise, certain results on DNA damage were included (e.g., 
mutations), whereas others were excluded due to methodological flaws. 
Supplementary Table S1 summarizes studies where all or certain end-
points have been excluded, encompassing results on germ cells, fetus or 
off-spring tissues, and DNA damage measured by assays with method-
ological limitations. 

Exclusion of results due to methodological flaws pertains to certain 
chromatographic methods for measurement of oxidatively damaged 
DNA that are prone to spurious oxidation of nucleobases during the 
isolation and processing of DNA [21,22]. The European Standards 
Committee on Oxidative Damage to DNA (ESCODD) concluded that the 
background level of 8-oxo-7,8-dihydro-2’-deoxyguanine (8-oxodG) is 
approximately one lesion per million guanines, and studies with base-
line levels that are more than 5 lesions/106 dG should be interpreted 
with caution [21,22]. As 8-oxodG is one of the most prevalent oxida-
tively generated DNA nucleobase lesions, this threshold of one lesion per 
million unaltered nucleobase counterparts pertains to other small 
nucleobase lesions [23]. Antibody-based methods for detection of 
8-oxodG are popular because they are easy to use, but unspecific binding 
to other molecules than 8-oxodG increases the background level of DNA 
damage above the threshold defined by ESCODD [24]. In the present 
review, therefore, studies on antibody-based DNA lesions have been 
excluded unless they have reported background levels that are less than 
five lesions per unaltered number of nucleobase counterparts. 

Oxidatively damaged DNA can be measured by the enzyme-modified 
comet assay using either endonuclease III (EndoIII), for-
mamidopyrimidine DNA glycosylase (Fpg) or human 8-oxoguanine DNA 
glycosylase 1 (hOGG1). The Fpg-modified comet assay is a reliable 
method as documented in ring-trials on coded samples of cells with 
induced levels of oxidatively damaged DNA [25–29]. Potassium 
bromate is now recommended as positive control for the Fpg-modified 
comet assay because the potassium bromate-induced genotoxicity has 
been reproduced in different laboratories [30,31]. The EndoIII- and 
hOGG1-modified comet assays are based on the same principle as the 
Fpg-modified comet assay, indicating that they are as reliable as the 
Fpg-modified comet assay. The EndoIII-modified comet assay detects 
oxidatively damaged pyrimidines, whereas Fpg and hOGG1 detect 
oxidatively damaged guanines. It is typically considered that Fpg detects 
8-oxodG and ring-opened formamidopyrimidine lesions, whereas 
hOGG1 is a more specific measurement of 8-oxodG [32]. DNA damage 
measured by the comet assay is typically reported as primary comet 
descriptors such as percent fluorescence in the comet tail (%Tail DNA). 
However, this can be converted to number of lesions by calibration with 
ionizing radiation [33,34]. Although some inter-laboratory variation 
exists in comet assay calibration curves, these indicate that baseline 
levels of DNA damage and the dynamic range of the standard and 
enzyme-comet assay is below the acceptable background level of DNA 
damage established by ESCODD [35]. Thus, studies on the comet assay 
are included in the review unless there are reasons other than baseline 
levels of DNA damage for excluding the results. 

2.4. Justification for inclusion of genotoxicity in BAL cells 

A number of studies have assessed genotoxicity in BAL cells after 
pulmonary exposure to carbon black. In the context of the present re-
view, studies on genotoxicity in BAL cells are regarded as an in vivo cell 
culture study that is an intermediate between in vitro and in vivo expo-
sure conditions. 

BAL cells are located on the lung epithelium with an exposure 
comparable to the alveolar surface exposure. The measurement of DNA 
damage in BAL cells has the advantage that it does not require tissue 
homogenization, which might affect the background level of DNA strand 
breaks due to artificial generation of DNA damage (e.g., due to me-
chanical damage to DNA) or removal of DNA strand breaks (e.g., 
enzymatic degradation of tissue might also activate DNA ligases). BAL 
cells can be regarded as a proxy-measure of alveolar epithelial cells and 
lung tissue. Therefore, DNA damage in BAL cells can be used as a test to 
support results on genotoxicity in lung tissue. However, BAL cells are not 
relevant as target tissue cells for cancer development. In addition, the 
number and composition of BAL cells correlate with the administered 
dose of particles. Thus, the interpretation of dose-response relationships 
is uncertain as the deposited dose per mass of lung tissue (or alveolar 
surface area) differs from the administered dose per number of BAL cells. 

2.5. Meta-analysis of DNA strand breaks in mice 

In the present study, we have used meta-analysis on DNA strand 
breaks in BAL cells and lungs of wild-type mice. We have used stan-
dardized mean difference (SMD) because the studies have used different 
units of DNA migration in the comet assay, including tail length, %Tail 
DNA and visual score [36–50]. The SMD is calculated as the mean dif-
ference between the exposed and control group, divided by the pooled 
standard deviation (SD). We have calculated SMD and 95 % confidence 
interval (CI) in random effects models using Review Manager 5.4 (The 
Nordic Cochrane Center, The Cochrane Collaboration). The random ef-
fects model assumes that the induction of DNA strand breaks can vary 
across studies because of real differences in the treatment effect and 
sampling variability. The random effect model incorporates the het-
erogeneity between studies into the overall effect measure. In principle, 
there should not be heterogeneity in treatment effects between studies in 
the present meta-analysis because all experiments come from the same 
laboratory, which has used a standard operating procedure for animal 
exposure and comet assay analysis [51]. Nevertheless, variation in 
particle dispersion protocols and batch differences in animals are 
possible sources of heterogeneity. 

2.6. Pooled analysis of DNA strand breaks in mice 

The Danish National Research Center for the Working Environment 
(NRCWE) has used Printex 90 as positive control in multiple studies on 
pulmonary inflammatory responses following intratracheal (i.t.) instil-
lation of particles [36–50]. These studies have followed the same pro-
cedure of dosing and exposure times for assessment of DNA strand 
breaks by the comet assay in BAL cells and lungs. For the pooled anal-
ysis, we have used original data on %Tail DNA because this is the 
preferred primary comet descriptor by most researchers [52]. The raw 
data were normalized to reduce variation in baseline values of DNA 
strand breaks due to e.g., different particle vehicles (water or BAL fluid, 
with/without serum) and mice from different vendors. Each value was 
divided by the mean value of the controls at the same time point and 
multiplied by the mean of controls from all studies at time point. Raw 
and normalized data are reported in Supplementary Tables S2-S14. The 
data were analyzed by linear mixed effect model (areg command) with 
dose (predictor) and study (absorbed random variable) in Stata version 
15 (StataCorp, College Station, TX, USA). The slope is the net increase in 
DNA strand breaks by carbon black exposure (based on dichotomized 
exposure status) or the dose-response relationship (based on the 
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administered dose). 

2.7. Association between oxidative stress, inflammation and genotoxicity 

We have used the same qualitative assessment and biomarkers to 
assess the relationship between oxidative stress and inflammation on 
genotoxicity as previous studies on nanomaterials, exhaust particulate 
matter and air pollution particles [53–55]. Oxidative stress biomarkers 
include ROS production, depletion of endogenous antioxidants (e.g., 
glutathione), regulation of oxidative stress-responsive proteins (e.g., 
heme oxygenase 1), and inhibition of genotoxic effects by prior/-
concurrent treatment with antioxidants. Inflammation has been assessed 
as influx of immune cells in BAL fluid and measurement of cytokine-
s/chemokines on gene or protein level. The association between effects 
on oxidative stress/inflammation and genotoxicity is assessed by χ2-test 
and contingency tables. Statistical significance of the tests is based on 
critical χ2-values as tabulated by Zar [56]. 

3. Methodological flaws related to presence of carbon black in 
samples 

There has been some concern in particle toxicology that methodo-
logical flaws might occur due to interaction between particles and the 
test system. Renowned examples of flaws are binding of nanomaterials 
to extracellular cytokines and lactate dehydrogenase. Another example 
is decreased signal in colorimetric or fluorescence assays because par-
ticles block the rays of light. This is a particular issue in assays where the 
probe and particles are present in the cell culture at the same time, as for 
instance in measurements of intracellular ROS production in cell cul-
tures. Concerns of hindrance of light signal by particles have had a 
tendency to extend to measurements of DNA damage by fluorescence 
assays. However, it should be understood that very few DNA damage 
assays entail a procedure that causes concerns about flawed measure-
ments. Assays that are based on detection of DNA adducts by ionizing 
radiation (e.g., 32P-postlabelling assay) are not expected to be affected 
by the presence of particles in cells. The same goes for assays where DNA 
is isolated before the measurement of DNA adducts (e.g., detection of 8- 
oxodG by chromatographic assays). Mutations and cytogenetic effects 
develop in post-exposure periods where cells are incubated in particle- 
free medium. 

It is our impression that the comet assay is routinely a target of 
speculations about methodological flaws, resulting in flawed results in 
either direction; i.e. higher values due to interaction between particles 
and DNA in the assay, or lower values due to hindrance of light during 
microscopy of comets. An example is additional generation of DNA 
strand breaks by certain photocatalytic titanium dioxide nanoparticles 
when slides with nucleoids were exposed for 3 min to laboratory light 
after lysis and alkaline treatment in the comet assay [57]. However, 
deliberate exposure of gel-embedded nucleoids to laboratory light is not 
the standard comet assay procedure. In fact, it is generally recom-
mended to shield samples from light in the comet assay. Thus, such data 
do not demonstrate methodological flaw in the comet assay and the 
results on photocatalytic titanium dioxide should not be generalized to 
all types of nanomaterials. 

The fact that light is hindered in suspension of nanosized carbon 
black has been known for + 70 years [58]. However, it is only a fraction 
of the administered dose of particles that attach to the plasma membrane 
or are internalized by target tissue cells in vitro or in vivo. In addition, 
several washing steps typically precede the measurement of DNA 
migration by microscopy in the comet assay. Thus, the true amount of 
particles in the agarose gel is uncertain. However, even assuming that 
there are particles in the agarose gel and that they hinder the light 
transmission, it does not affect the measurement of DNA migration in 
the comet assay. Fig. 2 shows results from an experiment where we have 
measured the same comets by two different transmitted light intensities, 
with the purpose of mimicking light hindrance by nanoparticles. Most 

Fig. 2. Measurement of %Tail DNA (A) and tail length (B) migration in comets 
with normal or reduced transmission of emitted light to the camera. The comets 
were irradiated with the same intensity of excited light, whereas part of the 
emitted light is diverted to the eyepiece in the reduced transmission condition. 
A mouse liver sample was processed by the standard comet assay procedure in 
the laboratory (Section of Environmental Health, University of Copenhagen, 
Denmark). Comets on Gelbond films were stained with YOYO-1 and DNA 
migration was measured by the Perceptive IV image analysis system. A total of 
100 comets were scored by either normal or reduced transmission of emitted 
light. The light intensity in the reduced transmission condition was 18 % lower 
than the normal condition (mean and SD: 144,744 ± 45,938 and 175,642 
± 57,789 units, respectively). For the measurement of DNA migration, the 
“frame” of the measurement region was positioned on the comet and DNA 
migration was measured on the same location by switching the setting on the 
microscope to either full transmission to the camera or split light to camera and 
eyepiece. There is a strong correlation in DNA migration values between the 
normal and reduced light transmission measurements of %Tail DNA (r = 0.95, 
P < 0.001, linear regression) and tail length (r = 0.97, P < 0.001, 
linear regression). 
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fluorescence microscopes have a device where the emitted light passes 
directly to a camera or split between the camera and eyepiece. In our 
fluorescence microscope, splitting of the light results in 18 % reduction 
of the transmitted light to the camera. The reduced light intensity in the 
eyepiece is visible to the observer. Fig. 2 shows results on %Tail DNA of 
comets in almost the complete range of DNA migration (i.e., 0–100 % 
Tail DNA). Tail length does not, however, have an upper boundary. In 
our experiment, the low and high extremes correspond to comets with 
no/little tail and almost all DNA in the tail (similar to so-called hedge-
hogs), respectively. As can be seen, there is a very strong monotonic 
relationship between the normal and reduced light transmission for both 
%Tail DNA and tail length (P < 0.001, linear regression). In addition, 
the mean level of DNA migration did not differ between the normal and 
reduced light transmission (%Tail DNA: 42 ± 22 and 41 ± 21, P = 0.20; 
tail length: 149 ± 17 and 149 ± 17, P = 0.66 in normal and reduced 
light transmission, respectively (mean ± SD), paired Student’s t-test). 
Collectively, the results indicate that 18 % reduction in transmitted light 
intensity does not bias the measurement of DNA migration in the comet 
assay. 

4. Genotoxic effects of Printex 90 in mammalian cells and 
animals 

Studies on toxicity in cell cultures and animals after exposure to 
Printex 90 are summarized in Tables 1 and 2, respectively. The tables 

contain information on biomarkers of oxidative stress and inflammation 
in each of these studies to demonstrate the knowledge-base of the 
relationship between these factors and genotoxicity, in the same 
experimental settings. 

4.1. DNA strand breaks 

DNA strand breaks can be measured by a variety of methods, but the 
comet assay is the most frequently used technique today [59]. The 
standard comet assay measures DNA strand breaks and alkali-labile 
sites. Various modifications of the comet assay are sometimes 
employed to measure oxidatively damaged DNA (see later section) or 
DNA repair activity [60]. 

A total number of 10 studies have assessed the effect of Printex 90 in 
cell cultures (Table 1). Of these, 6 have shown a statistically significant 
increase in levels of DNA strand breaks after exposure to Printex 90 in 
FE1 MutaMouse lung (MML) epithelial cells, human alveolar type II 
epithelial (A549) cells, mouse macrophages (RAW264.7), endothelial 
cells and hepatocyte carcinoma (HepG2) cells [11, 61–65]. One study 
showed a statistically significant increase in DNA strand breaks in 
activated monocytic (THP-1a) cells, together with a borderline statisti-
cal increase in A549 cells (P = 0.07, ANOVA) [66]. Three studies have 
shown statistically non-significant effects in FE1 MML, A549, RAW264.7 
and human colon adenocarcinoma (Caco-2) cells after exposure to 
Printex 90 [67–69]. Table 3 outlines the cell culture studies, ranked 

Table 1 
Effect of carbon black (Printex 90) exposure in cell cultures.  

Cell type and exposure Oxidative stress Inflammation Genotoxicity Reference 

A549 cells (100 µg/cm2) Not reported Not reported Unaltered levels of DNA adducts (32P-postlabelling 
method, benzo[a]pyrene as positive control) 

Borm 2005 
[10] 

FE1 MML cells (75 µg/ml for 
3 h (comet assay) or eight 
repeated 72-h periods) 

Not reported Not reported Increased level of DNA strand breaks and Fpg-sensitive 
sites (comet assay). Increased mutant frequency in cII 
and LacZ genes. Mutant spectrum related to GC→TA, 
GC→CG and AT→TA transversion mutationsa 

Jacobsen 
2007[11] 

A549 cells (100 µg/ml for 
3 h) 

Not reported Not reported Increased level of DNA strand breaks (comet assay) Mroz 2007 
[61] 

A549 cells (100 µg/ml 
[25 µg/cm2] for 3 h) 

Not reported Not reported Increased of DNA strand breaks (comet) [results on the 
neutral comet assay are excluded]. Increased DNA 
damage response (γH2AX assay). 

Mroz 2008 
[62] 

A549 cells (0.02–200 µg/ml 
for 6 h + 42 h post- 
exposure) 

Not reported Not reported Concentration-dependent increase in number of 
micronucleated cells (EMS and MMS used as positive 
controls, micronucleus assay) 

Totsuka 2009 
[73] 

Caco-2 cells (20 µg/cm2 for 
4 h) 

Reduced GSH level Not reported Unaltered level of DNA strand breaks and oxidatively 
damaged DNA (Fpg-modified comet assay) 

Gerloff 2009 
[67] 

RAW264.7 (0.01–100 µg/ml, 
or 0.21–21 µg/cm2, for 2 
or 24 h) 

Not reported Not reported Unaltered levels of micronuclei and DNA damage 
measured by the comet assay (i.e. DNA strand breaks, 
EndoIII- and Fpg-sensitive sites; results on Printex 90 
exposure are shown in the publication) 

Migliore 
2010[68] 

RAW264.7 (1, 3, 10 or 
50 µg/ml for 5 or 72 h) 

Increased ROS production in 
cells after exposure for 5 and 
24 h (DCFH, flow cytometry) 

Unaltered release of TNF-α after 10 and 
50 µg/ml (5 and 24 h exposure). 
Positive control (LPS) increased the 
TNF-α secretion 

Increased level of DNA strand breaks, although it was 
not concentration-dependent (24 h, comet assay). 
Increased number of micronuclei (1, 3 or 10 µg/ml for 
48 h) and chromosomal aberrations related to DNA 
breakage 

Di Giorgio 
2011[63] 

A549 or THP-1 cells (2.5, 25 
and 100 µg/ml for 3 h) 

Increased ROS production 
(DCFH) 

Not reported Unaltered level of bulky DNA adducts (32P- 
postlabelling) 

Danielsen 
2011[77] 

Endothelial cells (human, 
100 µg/ml for 3 h) 

Increased ROS production 
(DCFH) 

Not reported Increased levels of DNA strand breaks and Fpg- 
sensitive sites (comet assay). Unaltered levels of Fpg- 
sensitive sites by pre-treatment with vitamin C and 
desferioxamine (DNA strand break levels not affected 
by antioxidant treatment) 

Frikke- 
Schmidt 2011 
[64] 

HepG2 (25 µg/ml for 3 h) Increased ROS production 
(DCFH) 

Not reported Increased levels of DNA strand breaks and Fpg- 
sensitive sites (comet assay) 

Vesterdal 
2014[65] 

FE1 MML cells (5–200 µg/ml 
for 3 or 24 h) 

Not reported Not reported Unaltered levels of DNA strand breaks (comet assay, 
H2O2 used as positive control) 

Bengtson 
2016[69] 

A549 (10, 40 or 160 µg/ml) 
or THP-1a cells (10, 40 or 
80 µg/ml) for 6 or 24 h 

Not reported Unaltered (IL-8 expression) Increased level of DNA strand breaks (comet assay) in 
THP-1a cells at highest concentration and 24 h 
(P < 0.01, ANOVA). Borderline statistical increase of 
DNA strand breaks in A549 cells (P = 0.07). No effect 
at 6 h exposureb 

Di Ianni 2021 
[66]  

a The mutation spectrum has been reported by Jacobsen et al., 2011 [78]. 
b The study has been considered to show a genotoxic effect of Printex 90. 
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Table 2 
Effect of carbon black (Printex 90) exposure in animals.  

Animal and exposure Oxidative stress Inflammation Genotoxicity Reference 

Wistar rats (F) exposed by inhalation (18 h/ 
day, 5 days/week) to 11.3 mg/m3 for 20 
months 

Not reported Not reported Unaltered level of aromatic DNA adducts (32P- 
postlabelling) 

Gallagher 
1994 
[12] 

Fisher 344 rats (F) exposed by inhalation (6 h/ 
day, 5 days/week) for 13 weeks to 1, 7 or 
50 µg/m3 

Not reported Increased (neutrophils in BALF) Unaltered level of aromatic DNA adducts (32P- 
postlabelling) 

Borm 2005 
[10] 

C57/BL mice (F) or TNF knockout 
counterparts. Exposed to 20 mg/m3 for 
90 min on 4 consecutive days 

Not reported Unaltered level of neutrophils (BALF). 
Increased TNF (wild type mice only) 
and IL-6 expression in lung tissue 

Increased level of DNA strand breaks in BAL cells 
in both wild type and TNF knockout mice 

Saber 2005 
[70] 

ApoE knockout mice (F) exposed to 54 µg for 
3 h 

Not reported Increased percentage of neutrophils Increased level of DNA strand breaks in BAL cells Jacobsen 
2009[71] 

C57BL/6 J (M) and gpt delta (M) mice exposed 
to 200 µg for 3 h for the comet assay. For the 
mutagenicity assay, gpt mice were exposed 
either one (200 µg) or repeatedly (200 µg/ 
week for 4 weeks). Exposed by i.t. 
instillation 

Not reported Not reported (histology demonstrated 
phagocytosing macrophages and 
granuloma formation in lung tissue) 

Increased level of DNA strand breaks in lung 
tissue (comet assay). Unaltered level of 
mutagenicity in lung tissue in terms of base pair 
substitutions and deletions 

Totsuka 2009 
[73] 

Fischer rats (F) exposed by i.t. instillation to 
0.64 mg/kg and sacrifice by 24 h post- 
exposure [study included oral gavage too] 

Unaltered Hmox1 
expression in 
lung tissue 

Unaltered (cell infiltration in BALF 
and Mcp1 and Mip2 expression in lung 
tissue) 

Unaltered levels of 8-oxodG, εdA, εdG (HPLC- 
MS/MS) and DNA adducts (32P-postlabelling) in 
lung tissue 

Danielsen 
2010 
[75] 

C57BL/6 (F) mice exposed to 18, 54 or 162 µg 
by i.t. instillation and sacrifice at day 1, 3 or 
28 post-exposure 

Not reported Increased (persistent through the 28- 
day exposure period) 

Increased level of DNA strand breaks (BAL cells 
and liver). Increased level of DNA strand breaks 
and Fpg-sensitive sites in lung tissue 

Bourdon 
2012[36] 

C57BL/6 (F) mice exposed to 54 µg by i.t. 
instillation and sacrifice at day 1 post- 
exposure 

Increased 
expression of 
Hmox-1 in lung 
tissue 

Increased (neutrophils in BALF) Unaltered level of DNA strand breaks in BAL cells Saber 2012 
[37] 

C57BL/6 (F, pregnant) mice exposed by 
inhalation (42 mg/m3 for 1 h per day for 
gestation day 8–18) or i.t. instillation (4 i.t. 
instillations on gestation day 7, 10, 15 and 
18; total dose = 11, 54 or 268 µg) 

Not reported Increased after inhalation and highest 
dose by i.e., instillation (neutrophils in 
BALF) 

Unaltered levels of DNA strand breaks in BALF at 
day 3–5 after exposure (comet assay) 

Jackson 2012 
[72] 

C57BL/6 (F) mice exposed to 162 µg by i.t. 
instillation and sacrifice at day 3 h, 1, 2, 3, 
4, 5, 14 or 42 days post-exposure 

Not reported Increased at all time-points (influx of 
neutrophils in BALF) 

Increased level of DNA strand breaks (comet 
assay) in lung tissue (2–5 days post-exposure). 
Equivocal effect in BAL cells (only increased level 
of DNA strand breaks in terms of tail length; no 
effect using %tail DNA). Increased level DNA 
strand breaks in the liver (3 h, 3 and 4 days post- 
exposure) 

Husain 2015 
[38] 

C57BL/6 J (F) mice exposed to 0.67, 2, 6 or 
162 µg by i.t. instillation and sacrifice at day 
1, 3 or 28 post-exposure 

Not reported Increased (no difference between 
neutrophilic influx after exposure to 
0.67, 2 and 6 µg, but markedly 
increased after exposure to 162 µg) 

Some statistically significant effects at certain 
doses, although it does not occur with a dose- 
response relationship 

Kyjovska 
2015[39] 

C57BL/6 J (F) mice exposed by i.t. instillation 
to 162 µg and sacrifice by 1, 28 or 92 days 
post-exposure 

Not reported Increased (persistent through the 92- 
day exposure period) 

Unaltered in BAL cells, lung and liver Poulsen 2016 
[40] 

C57BL/6 J (F) mice exposed to 162 µg by i.t. 
instillation and sacrifice at day 1, 3 or 28 
post-exposure 

Not reported Increased (neutrophils in BALF) Unaltered level of DNA strand breaks (comet 
assay) in lungs and liver at all time-points 

Saber 2016 
[41] 

Wistar rats (M) exposed by nose-only 
inhalation (6 mg/m3, 6 h/day for 10 days 
over two weeks). Sacrifice at 24 h or 14 days 
after the last exposure 

Not reported Increased (neutrophils in BALF and 
lung histology). Strongest effect at 
24 h post-exposure 

Unaltered levels of DNA strand breaks and lesions 
detected by the hOGG1-modified comet assay in 
BAL cells (KBrO3 administered by intraperitoneal 
injection was used as positive control) 

Lindner 2017 
[74] 

C57BL/6 J (F) mice exposed to 162 µg by i.t. 
instillation and sacrifice at day 1, 3 or 28 
post-exposure 

Not reported Increased (neutrophils in BALF) Increased levels of DNA strand breaks (comet 
assay) in BAL (day 3) and liver (day 90). 
Unaltered levels of DNA strand breaks at other 
time points and in lung tissue 

Bengtson 
2017 
[42] 

C57BL/6 J (F) mice exposed to 162 µg by i.t. 
instillation and sacrifice at day 1, 3, 5 or 28 
post-exposure (carbon black sonicated in 
different media). I.t. instillation of 1620 µg 
in Sprague Dawley rats (F) and sacrifice at 
24 h post-exposure 

Not reported Increased (neutrophils in BALF) Increased level of DNA strand breaks in BAL cells 
(comet assay) of both mice and rats by samples 
suspended in water (mice: 1 and 3 days). 
Suspensions of carbon black in 2% serum and 
10% BALF and 0.9% NaCl also produced DNA 
strand breaks in BAL cells, whereas suspension in 
0.05% BSA with ethanol and 10% BAL in water 
did not produce genotoxic effects 

Hadrup 2017 
[43] 

C57BL/6 J (F) mice exposed to 162 µg by i.t. 
instillation and sacrifice at day 1, 28 or 180 
[study included oral gavage and 
intravenous injection too] 

Not reported Increased at 1 and 28 days exposure 
(neutrophils in BALF). Unaltered at 
day 180 post-exposure 

Unaltered levels of DNA strand breaks in BALF 
cells and lung tissue (comet assay). Increased 
level of DNA strand breaks in the liver 

Modrzynska 
2018 
[44] 

C57BL/6Tac (F). Exposed to 154 µg by i.t. 
instillation and sacrifice at day 1, 28 or 90 
post-exposure 

Not reported Increased (persistent throughout the 
90-day post-exposure period) 

Unaltered levels of DNA strand breaks (comet 
assay) in BAL cells, lungs and liver at all time- 
pointsa 

Bendtsen 
2019 
[46] 

C57BL/6 J (F) mice exposed to 162 µg by i.t. 
instillation and sacrifice at day 1, 3 or 28 
post-exposure 

Not reported Increased (persistent throughout the 
28-day post-exposure period) 

Unaltered levels of DNA strand breaks in BAL 
fluid cells, lung and liver tissue 

Barfod 2020 
[45] 

Not reported Unaltered at day 1 (results at day 28 
and 90 post-exposure not shown) 

Unaltered levels of DNA strand breaks in BAL 
fluid cells and lung tissue (only results from day 

(continued on next page) 
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according to the maximal exposure level (in µg/cm2). As can be seen, 
there is not a straightforward association between the exposure level 
and induction of DNA strand breaks. It should be noted that the actual 
level of exposure is difficult to assess because the applied concentration 
is reported as mass per volume of cell culture medium, or mass per cell 
culture surface area. The delivered dose has only been assessed in one of 
the most recent studies [66]. Overall, the discrepancy between positive 
and null effects cannot be explained by differences in maximal exposure 
conditions, cell types and duration of exposure to Printex 90. Never-
theless, there is an overrepresentation of studies that have shown 
increased level of DNA strand breaks by Printex 90 exposure. 

The effect of Printex 90 exposure on DNA strand break levels has 
been investigated in 20 studies in mice of which 18 studies originate 
from the same laboratory [36–50, 70–72]. Many of these studies have 
included a single high-dose of Printex 90 by i.t. instillation as a bench-
mark (positive) control in studies on other types of nanomaterials [37, 
38, 40–42, 44–50]. Table 4 outlines the results of these studies, ranked 

by the maximal administered dose. The genotoxic response is catego-
rized as increased, unaltered or equivocal (i.e., inconsistent response 
between different time points or primary comet descriptors). Grouping 
results into positive/equivocal versus unaltered levels of DNA strand 
breaks indicates a genotoxic response only in 36% of the studies on BAL 
cells (5 out 14 studies) and 31 % of the studies on lung and liver tissue (4 
out of 13 studies in each organ). Two of these studies have assessed the 
dose-response relationship after i.t. instillation [36,39]. Exposure to 18, 
54 or 162 µg by i.t. instillation in mice showed increased level of DNA 
strand breaks in BAL cells and lung tissue, although there was not a 
dose-response relationship in genotoxicity [36]. Another study showed 
statistically significant effects on DNA strand breaks in BAL cells and 
lung tissue at low doses (0.67, 2 and 6 µg/mouse by i.t. instillation), 
whereas there were unaltered levels at the highest dose (i.e. 
162 µg/mouse) [39]. 

A study on inhalation (20 mg/m3 for 90 min on 4 consecutive days) 
in wild-type or tumor necrosis factor (TNF) knockout mice showed 

Table 2 (continued ) 

Animal and exposure Oxidative stress Inflammation Genotoxicity Reference 

C57BL/6Tac (F) mice exposed to 54 µg by i.t. 
instillation and sacrifice at day 1, 28 or 90 
post-exposure 

28 were shown). DNA strand break level reported 
to be increased in the liver at day 28 post- 
exposure (inconsistent result as it was only when 
assessed as tail length, whereas %Tail DNA is not 
statistically significant) 

Bendtsen 
2020 
[47] 

C57BL/6Tac (F) mice exposed to 162 µg by i.t. 
instillation and sacrifice at day 1 or 3 post- 
exposure 

Not reported Increased at all time-points (influx of 
neutrophils in BALF) 

Unaltered levels of DNA strand breaks in BAL 
cells, lungs and liver at all time-pointsb 

Billing 2020 
[48] 

C57BL/6J (F) mice exposed to 162 µg by i.t. 
instillation and sacrifice at day 1, 3 or 28 
post-exposure 

Not reported Increased at all time-points (influx of 
neutrophils in BALF) 

Unaltered levels of DNA strand breaks in BAL 
cells, lungs and liver at all time-points 

Hadrup 2020 
[49] 

C57BL/6J (F) mice exposed to 162 µg by i.t. 
instillation and sacrifice at day 1 or 28 post- 
exposure 

Not reported Increased at all time-points (influx of 
neutrophils in BALF) 

Increased level of DNA strand breaks in lung 
tissue (day 1 post-exposure; no effect at day 28)c. 
Unaltered levels of DNA strand breaks in BAL 
cells and liver at day 1 and 28 post-exposure. 
Unaltered level of micronucleated 
normochromatid erythrocytes in peripheral 
blood (day 28 post-exposure) 

Hadrup 2021 
[50]  

a The number of mice has been censored to 26 in the vehicle control group, except at day 90 post exposure where it is 12 as reported in the publication. 
b The original results are reported in Supplemental figures with low transparency. Thus mean values have been obtained from the authors. 
c The statistical significance at day 1 is P < 0.01, based on a Student’s t-test. However, the reported values (control: 6.3 ± 2.8, exposed: 9.1 ± 3.1 %Tail DNA) and 

group size (i.e. 7 mice in each group) yields a t-value of 1.78 and P = 0.10. Thus, the reported p-value and statistical significance appear to be at odds with the reported 
results or group size of mice. 

Table 3 
Induction of DNA strand breaks in cell cultures after exposure to Printex 90a.  

Concentration (µg/cm2) Concentration (µg/ml) Time (h) Cell Response (genotoxicity) Reference 

8–10b 50 24 RAW264.7 Increased Di Giorgio 2011[63] 
11 75 3 FE1 MML Increased Jacobsen 2007[11] 
13c 25 3 HepG2 Increased Vesterdal 2014[65] 
20 NR 4 Caco-2 Unalteredd Gerloff 2009[67] 
21 100 2 and 24 RAW264.7 Unalterede Migliore 2010[68] 
23 80 24 THP-1a Increasedf Di Ianni 2021[66] 
25g 100 3 A549 Increased Mroz 2007[61] 
25 100 3 A549 Increased Mroz 2008[62] 
46 160 6 and 24 FE1 MML Equivocalh Di Ianni 2021[66] 
113 200 3 and 24 FE1 MML Unaltered Bengtson 2016[69] 
156 100 3 HUVEC Increased Frikke-Smith 2011[64]  

a The studies are ranked according to the highest concentration (in µg/cm2). Abbreviations used in the table are NR (not reported) and HUVEC (human umbilical 
cord endothelial cell). 

b Based on the plated number of cells (0.75 × 106 cells/ml; corresponding to 8 µg/cm2 in a T25 cell culture flask with 4 ml medium and 25 cm2 surface area, or 
10 µg/cm2 in a 6-well plate with 2 ml medium and 9.6 cm2 surface area). 

c Assuming cells have been cultured in 24-well plate (1.9 cm2) with 1 ml. 
d Increased level of DNA strand breaks after exposure to ZnO and TiO2 nanomaterials. 
e Results are not shown in the publication. 
f Increased at 24 h and unaltered at 6 h. 
g Assuming the same exposure conditions as Mroz et al., 2008 [62]. 
h Unaltered at 6 h. There was a slightly increased level of DNA strand breaks at 24 h, which was borderline statistically significant (P = 0.07, ANOVA). 
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increased levels of DNA strand breaks in BAL cells [70]. A later study by 
the same group showed increased levels of DNA strand breaks in BAL 
cells at 3 h post-exposure (54 µg by i.t. instillation) in apolipoprotein E 
(ApoE) knockout mice [71]. Likewise, i.t. instillation of 200 µg Printex 
90 increased the level of DNA strand breaks in lung tissue at 3 h 
post-exposure in mice [73]. The exposure of pregnant mice to Printex 90 
by inhalation (deposited dose 287 µg) or i.t. instillation (11, 54 or 
268 µg) did not affect the level of DNA strand breaks in BAL cells, 
although some effects were observed in BAL cells of the dams at days 
24–27 after the exposure [72]. Another study on nose-only inhalation 
(6 mg/m3, 6 h/day for 10 days over two weeks) also showed no effect on 
DNA strand breaks in BAL cells of rats [74]. 

4.2. Quantitative analysis of DNA strand breaks in BAL cells and lungs 
after i.t. instillation of Printex 90 in mice 

The animal studies of DNA strand breaks in BAL cells and lung tissue 
are suitable for analysis in meta-analysis as well as pooled analysis. 
Meta-analysis is the standard tool in a quantitative assessment of effect 
sizes in systematic reviews, whereas pooled analysis is unusual because 
it requires access to raw data. The meta-analysis uses the group mean, 
SD and number of animals to assess the effect size and 95 % CI. In the 
present study, we have used the reported values of DNA strand breaks, 
although %Tail DNA has been preferred in publications where both this 
and tail length have been reported. The effect sizes have been calculated 
for each exposure level, but they do indicate a monotonic relationship 
between the administered dose and level of DNA strand breaks (Sup-
plementary Fig. S1-S6). Thus, Fig. 3 shows the pooled estimate of DNA 
strand break generation in BAL cells and lung tissue from all exposure 
groups. The exposure to Printex 90 is associated with increased level of 
DNA strand breaks in BAL cells at post-exposure day 3 (SMD = 1.10, 95 
% CI: 0.39, 1.81). The generation of DNA strand breaks in lung tissue is 
smaller than BAL cells, but it is statistically significant at both day 1 
(SMD = 0.42, 95 % CI: 0.14, 0.71) and 3 post-exposure (SMD = 0.60, 95 
% CI: 0.26, 0.94). 

The pooled analysis incorporates all results from the NRCWE data-
base on Printex 90 into the same statistical analysis (n = 836 mice, 
compiled from 15 different studies) [36–50]. Supplementary 
Tables S2-S14 summarize results from the studies. Fig. 4 shows pooled 
analysis on dichotomized exposure status (i.e. control versus Printex 
90). The effect is directly comparable to the meta-analysis because it is 

Table 4 
Level of DNA strand breaks in broncholaveolar lavage (BAL) cells, lung and liver of mice after intratracheal instillation of Printex 90.  

Dose BAL cells Lung Liver Reference 

54 Unaltered Not analyzed Not analyzed Saber 2012[37] 
54 Unaltered Unaltered Unaltered Bendtsen 2019[46] 
54 Unaltered Unaltered Unaltered Bendtsen 2020[47] 
18, 54, 162 Increased Increased Increased Bourdon 2012[36] 
0.67, 2, 6, 162 Equivocala Equivocala Unaltered Kyjovska 2015[39] 
162 Equivocalb Equivocalb Equivocalb Husain 2015[38] 
162 Unaltered Unaltered Unaltered Poulsen 2016[40] 
162 Not analyzed Unaltered Unaltered Saber 2016[41] 
162 Equivocalc Unaltered Equivocalc Bengtson 2017[42] 
162 Equivocald Not analyzed Not analyzed Hadrup 2017[43] 
162 Unaltered Unaltered Increased Modrzynska 2018[44] 
162 Unaltered Unaltered Unaltered Barfod 2020[45] 
162 Unaltered Unaltered Unaltered Billing 2020[48] 
162 Unaltered Unaltered Unaltered Hadrup 2020[49] 
162 Unaltered Increased Unaltered Hadrup 2021[50]  

a Increased only at low doses (0.67 and 2 µg) and/or one comet assay descriptor (tail length or %Tail DNA). 
b Increased only at certain time points (BAL cells: 30 min, 3 days, Lung: 2, 3, 4 and 5 days, Liver: 30 min, 3 and 4 days). No genotoxic effect at days 1, 14 and 42. 

Different comet assay descriptors (tail length or %Tail DNA) do not give the same statistical result. 
c Increased at day 3, but not day 1, 28 or 90 post-exercise in BAL cells. Increased at day 90 in liver, but not post-exposure days 1, 3 and 28. 
d Inconsistent results from different studies, dispersion vehicles and time points. 

Fig. 3. Generation of DNA strand breaks in bronchoalveolar lavage (BAL) cells 
and lung tissue after exposure to Printex 90. Asterisks (*) indicate statistically 
significant effect compared to unexposed mice (standardized mean difference =
0; not shown on the graphs). Forrest plots for the graphs are depicted in 
the supplement. 
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the same categorization of the exposure. The pooled analysis shows the 
net increase of DNA strand breaks in the %Tail DNA comet assay 
descriptor. This demonstrates significant effects in BAL cells at day 1 
(net increase = 1.0 %Tail DNA, 95 % CI: 0.3, 1.7 %Tail DNA) and day 3 
(net increase = 1.8 %Tail DNA, 95 % CI: 0.6, 2.9 %Tail DNA). Similarly, 
increased levels of DNA strand breaks were observed in lung tissue at 
day 1 (net increase = 0.9 %Tail DNA, 95 % CI: − 0.1, 1.9 %Tail DNA, 
P = 0.08) and day 3 (net increase = 0.8 %Tail DNA, 95 % CI: 0.1, 1.5 % 
Tail DNA). Using dose as a continuous factor showed positive 
dose-response relationships in BAL cells at day 3 post-exposure 
(P < 0.05) and lung tissue at day 1 (P < 0.01) and 3 (P < 0.05) 
post-exposure (Fig. 5). The levels of DNA strand breaks in BAL cells and 
lung tissue were not different from the controls at day 28 post-exposure. 

4.3. Oxidatively damaged DNA 

Studies on oxidatively damaged DNA encompass mainly the enzyme- 
modified comet assay. Three studies on the Fpg-modified comet assay 
have shown increased levels of oxidatively damaged DNA in FE1 MML, 
HepG2 and endothelial cells after 3 h exposure [11,64,65]. In contrast, 
unaltered levels of Fpg-sensitive sites were observed in Caco-2 cells at 
4 h exposure [67]. It should be noted that the unaltered levels of 
Fpg-sensitive sites is a robust finding as the researchers checked the 

quality of the assay by using the best positive control at the time (i.e. 
Ro19–8022 sensitizer). Another study assessed levels of oxidatively 
damaged DNA by both the EndoIII- and Fpg-modified comet assays in 
RAW264.7 cells [68]. The authors reported that the exposure did not 
increase the level of oxidatively damaged DNA, although the results are 
not shown in the publication. 

Studies on oxidatively damaged DNA in animals are sparse. One 
study has shown increased levels of Fpg-sensitive sites in mouse lung 
tissue at day 1 after exposure to 18, 54 or 162 µg by i.t. instillation [36]. 
Increased level of Fpg-sensitive sites in mouse lung tissue was also 
observed at the highest dose at day 3 post-exposure, whereas there were 
unaltered levels of Fpg-sensitive sites at day 28 post-exposure [36]. 
Another study exposed rats by i.t. instillation and assessed levels of 
8-oxodG and lipid peroxidation product-derived exocyclic DNA adducts 
(i.e., 1,N2 -etheno-2’-deoxyguanosine (εdG) and 1,N6 -etheno-2’- deox-
yadenosine (εdA)) by high-performance liquid chromatography coupled 
to tandem mass spectrometry [75]. This showed unaltered levels of 
oxidatively damaged DNA at 24 h post exposure after i.t. instillation of 
0.64 mg/kg [75]. Nose-only inhalation of Printex 90 in rats (6 mg/m3, 
6 h/day for 10 days over two weeks) did not affect the level of oxida-
tively generated DNA lesions in BAL cells measured by the 
hOGG1-modified comet assay, whereas the positive control (KBrO3) 
increased the level of oxidatively damaged DNA [74]. 

Fig. 4. Net generation of DNA strand breaks in bronchoalveolar lavage (BAL) 
cells and lung tissue of mice after intratracheal instillation of Printex 90. The 
response (y-axis) is the induction of DNA strand breaks in %Tail DNA units in 
the comet assay based on pooled analysis and exposure as a dichotomized factor 
(i.e., Printex 90 exposure versus control). Asterisks (*P < 0.05 and **P < 0.01) 
indicate statistically significant effect compared to controls. #The increase in 
DNA strand breaks was of borderline statistical significance (P = 0.08). 

Fig. 5. Dose-response relationship between Printex 90 exposure and DNA 
strand breaks in bronchoalveolar lavage (BAL) cells and lung tissue of mice 
after intratracheal instillation of Printex 90. The slope (y-axis) is the dose- 
response relationship of DNA strand breaks in %Tail DNA units in the comet 
assay based on pooled analysis and exposure as a continuous factor. Asterisks 
(*P < 0.05 and **P < 0.01) indicate statistically significant effect compared 
to controls. 
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4.4. DNA adducts (32P-postlabelling method) 

The 32P-postlabelling method has been widely used for measure-
ments of DNA adducts in cells or animal tissues [76]. Using this assay has 
not indicated generation of DNA adducts in A549 cells or rat lung tissue 
after exposure to Printex 90 [10,12,75,77]. 

4.5. Mutations 

The mutagenicity of Printex 90 has been investigated in FE1 MML 
cells by eight repeated 72-h periods to 75 µg/ml, which showed 
increased mutant frequency in cII and LacZ genes [11]. Analysis of the 
mutation spectrum showed GC→TA, GC→CG and AT→TA transversion 
mutations [78]. 

A single exposure (200 µg) or repeated exposures (200 µg/week for 4 
weeks) by i.t. instillation did not cause base pair substitutions or de-
letions in lung tissue of gpt delta mice, although there were phagocy-
tosing macrophages and granuloma formation in exposed mice [73]. 

4.6. Cytogenetic endpoints 

Results on cytogenetic endpoints have been reported in three 
different studies on cell cultures. One study showed a concentration- 
dependent increase in micronucleated A549 cells after exposure to 
0.02–200 µg/ml for 6 h and 42 h post-exposure period [73]. Increased 
number of micronuclei was also seen after 48 h exposure to 1, 3 or 
10 µg/ml in RAW264.7 cells, which corroborates with observations of 
chromosome aberrations related to DNA breakage [63]. However, a 
publication by Migliore and co-workers mentioned that Printex 90 did 

not increase levels of micronuclei in RAW264.7 cells after exposure to 
0.01–100 µg/ml for 2 or 24 h (results are not shown in the publication) 
[68]. 

5. Genotoxic effects by miscellaneous nanosized carbon blacks 

A number of studies have investigated genotoxic effects of other 
carbon blacks than Printex 90 in cell cultures (Table 5) and animals 
(Table 6). Seven in vitro studies have demonstrated increased levels of 
DNA strand breaks by carbon black [79–85]. One study showed 
increased level of DNA strand breaks at one concentration (1 µg/ml), 
whereas other concentrations (0.1, 10 and 100 µg/ml) were not asso-
ciated with genotoxicity [86]. Two studies showed no effect of carbon 
black exposure on levels of DNA strand breaks or Fpg-sensitive sites after 
carbon black exposure [87,88]. 

Studies on DNA adducts have demonstrated increased levels in 
alveolar type II epithelial cells after 3 months inhalation (6 mg/m3, 
16 h/day, 5 days/week) of Elftex-12 in rats [89], whereas the same 
material did not generate DNA adducts in lung tissue [90]. Additional 
information on these experiments was provided in a report to the Health 
Effects Institute, where the genotoxic effect was highlighted as occurring 
without a dose-response relationship [16]. 

One study using inhalation exposure in rats showed increased Hprt 
mutant frequency in lung epithelial cells following a 13-week exposure 
to a nanosized type of carbon black (Monarch 880, 16 nm, 7.1 and 
52.8 mg/m3, 6 h/day and 5 days/week) [4]. The same authors showed 
increased Hprt mutation frequency in alveolar epithelial cells of rats at 
15 months after i.t. instillation of Monarch 900 (15 nm) [5]. The same 
study showed that direct exposure of RLE-6TN cells to Monach 900 did 

Table 5 
Effect of miscellaneous nanosized carbon blacks in cell cultures.  

Cell type and exposure (sample) Oxidative stress Inflammation Genotoxicity Reference 

L5178Y and CHO cells (N399, 
100 m2/g) 

Not reported Not reported Unaltered levels of mutations (Mouse lymphoma assay) 
and sister chromatid exchanges 

Kirwin 1981 
[92] 

Rat lung epithelial (RLE-6TN) cells 
exposed to Monarch 900, Cabot 
(15 nm, SSA: 230 m2/g) for 24 h, 
80 µg/cm2 

Not reported Not reported Unaltered Hprt mutation frequency (increased 
mutation frequency in RLE-6TN cells after co-exposure 
with BAL cells from carbon black exposed rats) 

Driscoll 1997 
[5] 

Chinese hamster lung fibroblasts 
(V79) exposed to Cabot (37 nm) for 
3 h 

Not reported Not reported Unaltered levels of DNA strand breaks (comet assay) Zhong 1997 
[87] 

A549 and THP-1 cells exposed to 
Vulcan M, furnace black, Cabot 
(≈100 nm) for 48 h 

Not reported Not reported Increased level of DNA strand breaks (comet assay) Don Porto 
Carero 2001 
[79] 

A549 cells exposed to “carbon 
nanopowder” (Sigma-Aldrich, 
<30 nm) for 4 h 

Unaltered ROS production 
(DCFH-DA assay) 

Not reported No effect on DNA strand breaks and Fpg-sensitive sites 
(comet assay) 

Karlsson 2008 
[88] 

Primary mouse embryo fibroblasts 
exposed to a sample from Nano- 
Innovation Co Ltd, Shenzhen 
(12 nm) for 24 h 

Increased ROS production 
(DCFH-DA assay) and reduced 
levels of GSH and SOD 

Not reported Increased level of DNA strand breaks (comet assay) Yang 2009 
[80] 

RAW264.7 cells exposed to N333 
(Sewon-Inc Co. Ltd, 20–50 nm) 

Not reported Increased levels of TNF-α, 
NF-κB and COX-2 gene 
expression levels 

Equivocal results on DNA strand breaks (only 
statistically significant increase at one concentration 
(1 µg/ml) and unaltered at three other concentrations 
(0.1, 10 and 100 µg/ml)a 

Rim 2011[86] 

A549 cells to a carbon black from 
Degussa (15 nm) for 4 h 

Increased ROS production 
(DCFH-DA) 

Unaltered IL-8 production 
(ELISA) 

Increased level of DNA strand breaks (comet assay) Chuang 2013 
[81] 

A549 cells exposed to N110, Cabot 
(SSA: 111 m2/g) for 24 h 

Not reported Not reported Increased level of DNA strand breaks (comet assay) Lan 2014[82] 

16HBE cells exposed to Printex U 
(21–25 nm, 145–170 m2/g) for 24 h 

Increased intracellular ROS 
production (DCFH-DA assay) 
and decreased GSH/GSSG ratio 

Not reported Increased levels of DNA strand breaks (comet assay) 
and unaltered micronuclei (EMS used as positive 
control for the micronucleus assay). 

Gao 2016[85] 

A549 cells exposed to Printex U 
(21–25 nm, 145–170 m2/g) for 
6–24 h 

Not reported Not reported Increased level of DNA strand breaks (comet assay) An 2019[83] 

Mouse hepatocytes exposed to Specia 
Black 100 (50 nm, Evonik Degussa 
Corp) for 24 h 

Not reported Not reported Increased level of DNA strand breaks (comet assay) Zhang 2019 
[84]  

a We have considered results from the Fpg-modified comet assay (called FLARE assay in the publication) because not clear result is observed and there is not a 
positive control. 
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not increase the Hprt mutant frequency, whereas co-culture of BAL cells 
from carbon black exposed rats increased the mutant frequency in 
RLE-6TN cells [5]. This effect on ex vivo mutagenicity in the Hprt gene 
was also observed when BAL cells from Printex 90 exposed rats, mice 
and hamsters were co-cultured with in RLE-6TN cells [91]. However, 
direct exposure to nanosized carbon black has not shown increased 
levels of mutations or other endpoints (i.e. sister chromatid exchanges or 
micronuclei) in cell cultures [85,92]. 

In general, the studies on other carbon blacks than Printex 90 have 
reported mixed results. An overall analysis of positive/equivocal versus 
null effect findings shows 58 % positive studies for other carbon blacks 
(11 out of 19 endpoints), whereas it is 42 % of the studies on Printex 90 
that show positive results on genotoxicity (20 out of 48 endpoints). This 
is not a statistically significant difference in the distribution of positive/ 
equivocal and null results (χ2 = 0.86, P > 0.35, post-hoc analysis in 
hierarchical contingency test with endpoints stratified into cell culture 

and animal studies). A collective analysis shows that approximately 46 
% (31 positive/equivocal studies out of 67 endpoints) of the observa-
tions indicate a genotoxic effects by Printex 90 and other nanosized 
carbon blacks, and the type of sample is not an essential factor for the 
genotoxic response. Stratification of studies into positive versus equiv-
ocal/null results does not affect the distribution (i.e., 42% unequivocally 
positive results). 

6. Robustness of systematic review on genotoxicity of carbon 
black 

An obstacle that typically emerges for researches who wish to 
conduct systematic reviews of toxicological studies is the generation of a 
transparent and reproducible search that identifies all relevant publi-
cations. It is often a challenge to produce an optimal search with a 
manageable number of publications for review. Chaudhuri and co- 
workers have previously produced an excellent systematic review of 
studies on genotoxicity by carbon black in cells and animals [17]. This 
provides an opportunity to assess the robustness of systematic searches 
in reviews of genotoxic effects. Table 7 summarizes results from our 
PubMed search and compares it with the publications that are included 
in the systematic review by Chaudhuri and co-workers. It should be 
noted that Chaudhuri and co-workers have not reported their search 
terms or inclusion criteria (i.e. we cannot be sure if certain publications 
were found, but excluded in the final database). The final date by 
Chaudhuri and co-workers is April 2017 (here called “before April 2017” 
in Table 7). Using this cut-off, we have identified eight publications that 
could have been included in the systematic review by Chaudhuri and 
co-workers (i.e., 14 % or eight out of 57 publications) [41,43,69,81,82, 
85]. The purpose is not to point fingers at other researches; in fact, our 
search is not better than the systematic review by Chaudhuri and 
co-workers as we would have missed six publications (i.e., 15 % or six 
out of 39 publications) [67,68,74,86,88,90]. Two publications were not 
found by our search terms or included in the systematic review by 
Chaudhuri and co-workers [40,77]. Another four publications were not 
found after 2017 by our search terms [42,48,49,83]. Moreover, only one 
of these 12 publications are found by searching for “carbon black” and 
the first author in PubMed, and the results are actually only described in 
a Supplementary table of the publication [74]. One of the publications is 
not indexed in PubMed [90] and the ten other publications do not 
mention carbon black in the abstract or keywords [40, 48, 49, 67–69, 77, 
83, 86, 88]. 

It is particularly interesting to assess whether the genotoxicity results 
in the publications that are not found by searches differ from the results 
in publications that are easy to find. In our search, 12 publications out of 
49 would have been missed by using strict search criteria. Interestingly, 
only one of these publications showed a genotoxic effect [83]. Assessed 
as number of endpoints, the 11 other publications contribute with 16 
null results [40,42,48,49,67,68,74,77,86,88,90]. This is a significant 
over-representation of null results in publications that have not been 
found by a systematic search strategy (16 out of 17 versus 23 out of 50 

Table 6 
Effect of miscellaneous nanosized carbon blacks in animals.  

Cell type and exposure (sample) Oxidative 
stress 

Inflammation Genotoxicity Reference 

Rats exposed by inhalation for 3 months (6.2 mg/m3, 16 h/day, 
5 days/week) to Elftex 12, Cabot (43 m2/g) 

Not 
reported 

Not reported Increased level of DNA adducts in 
type II alveolar epithelial cells (32P- 
postlabelling assay) 

Bond 1990 
[89] 

Fisher F344/N (M) rats exposed by inhalation (7 h/day, 5 days/ 
week for 12 weeks) to Elftex 12, Cabot (43 m2/g) 

Not 
reported 

Increased number of neutrophils in BALF Unaltered levels of DNA adducts in 
lung tissue (32P-postlabelling assay) 

Wolff 1990 
[90] 

Fisher rats (m) exposed by inhalation (6 h/day, 5 days/week to 
1.1, 7.1 or 52.8 mg/m3) for 13 weeks) to 
Monarch 880, Cabot (16 nm) 

Not 
reported 

Increased number of neutrophils in BALF. 
Increased gene expression of MCP-1 and 
MIP-2 in lung tissue 

Increased Hprt mutation frequency in 
alveolar epithelial cells 

Driscoll 
1996[4] 

Fisher F344 (F) rats exposed to 5 or 50 mg/kg by i.t. instillation 
on two consecutive days to Monarch 900 (Cabot, 15 nm, SSA: 
230 m2/g) and sacrificed 15 months post-exposure 

Not 
reported 

Increased number of neutrophils in BALF Increased Hprt mutation frequency in 
alveolar type II epithelial cells 

Driscoll 
1997[5]  

Table 7 
Number of publications in the present review and comparison with studies found 
in a previous systematic review by Chaudhuri et al., 2017a.  

Search Abstracted 
publications 

Excluded 
publicationsb 

Included 
publications 

Before 2017 (i.e., comparison 
with Chaudhuri 2017)       

Publications found in the 
present search (and 
included in Chaudhuri 
2017)  

33  8  25 

Not found by the present 
search (included in 
Chaudhuri 2017)  

16  10  6 

Publications found by the 
present search (but not 
included in Chaudhuri 
2017)  

10  4  6 

Publications that have not 
been found by the present 
search terms or included in 
Chaudhuri 2017  

4  2  2 

After 2017       
Found in the search  8  1  7 
Not found in the searchc  5  1  4 
Overall search  162  119 50d  

a Chaudhuri et al., 2017 does not report the number of excluded publications 
or specific search terms [17]. 

b The number of excluded and included publications equals the number in the 
“abstracted publications” column, except for the “overall search” where the 
number of “included publications” also contains studies that were found by 
other sources than the PubMed database. 

c Publications known to the authors. 
d The total number of included publications is 50, although the number of 

publications sums up to 49 in tables because the publications by Jacobsen et al., 
2007 [11] and 2011 [78] are counted as the same endpoint (i.e. mutant fre-
quency with accompanying determination of the mutation spectrum). 
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results in publications that were not found versus found by our search 
criteria; χ2 = 10.2, P < 0.01). 

7. Discussion 

This systematic review encompasses 49 publications on genotoxic 
effects by carbon black in cell cultures and animals. Table 8 summarizes 
the genotoxic effects by Printex 90 and other nanosized carbon blacks. 
Overall, there are more publications on Printex 90 than other carbon 
blacks (34 out of 49 publications). In addition, there is a tendency that 
the literature on Printex 90 is more recent (1994–2021, median = 2013) 
than the literature on other carbon blacks (1981–2019, median = 2008). 
The database on genotoxicity studies of Printex 90 is highly dominated 
by studies that have used the standard comet assay (48 out of 67 end-
points). It is not a surprising observation as the same over-representation 
of studies on comet assay endpoints is seen for other nanomaterials such 
as carbon nanotubes [93]. Still, it is troublesome as especially the 

standard comet assay does not provide information on the mechanism of 
action of genotoxicity and has less weight of evidence as compared to 
mutations and clastogenic effects [94,95]. Nevertheless, studies on cell 
cultures and animals have shown that the standard comet assay is useful 
for detection of genotoxic carcinogens [96–98]. A pooled analysis on 
comet assay results has shown DNA strand breaks in leukocytes is a 
predictor of premature mortality in humans [99,100]. 

Comparison of genotoxic responses in single cell cultures, BAL cells 
and lung tissue provides information on the extent of primary and sec-
ondary genotoxicity. Primary genotoxicity is the result direct damage to 
DNA in cell cultures, BAL cells and lung tissue, whereas secondary 
genotoxicity is the result of pro-inflammatory responses. The database of 
DNA strand breaks can be used to assess the impact of secondary gen-
otoxicity because this endpoint has been assessed in mono-cultures of 
cells (i.e., primary genotoxicity in vitro), BAL cells (primary genotox-
icity in vivo) and lung tissue (mixture of primary and secondary geno-
toxicity in vivo). This indicates that 71 % of the endpoints demonstrate a 

Table 8 
Summary of studies on genotoxicity in mammalian cells, animal lungs and bronchoalveolar lavage cells.  

Endpoint Printex 90 Other carbon blacks 

Cytogenetic endpoints +Totsuka 2009[73] -Kirwin 1981[92]  
+Di Giorgio 2011[63] -Gao 2016[85]  
-Migliore 2010[68]a  

Mutations +Jacobsen 2007[11] +Driscoll 1996[4]  
-Totsuka 2009[73] +Driscoll 1997[5]   

-Kirwin 1981[92]   
-Driscoll 1997[5] 

DNA adducts -Gallagher 1994[12] +Bond 1990[89]  
-Borm 2005[10] -Wolff 1990[90]  
-Borm 2005[10]   
-Danielsen 2010[75]   
-Danielsen 2011[77]  

Oxidatively damaged DNA +Jacobsen 2007[11] -Karlsson 2008[88]  
+Frikke-Smith 2011[64]   
+Vesterdal 2014[65]   
+Bourdon 2012[36]   
-Gerloff 2009[67]   
-Migliore 2010[68]a   

-Danielsen 2010[75]   
-Lindner 2017[74]  

DNA strand breaks +Saber 2005[70] +Don Porto Carero 2001[79]  
+Jacobsen 2007[11] +Yang 2009[80]  
+Mroz 2007[61] +Chuang 2013[81]  
+Mroz 2008[62] +Lan 2014[82]  
+Jacobsen 2009[71] +Gao 2016[85]  
+Totsuka 2009[73] +An 2019[83]  
+Di Giorgio 2011[63] +Zhang 2019[84]  
+Frikke-Smith 2011[64] -Zhong 1997[87]  
+Bourdon 2012[36] -Karlsson 2008[88]  
+Vesterdal 2014[65] ±Rim 2011[86]  
+Di Ianni 2021[66]b   

-Gerloff 2009[67]   
-Migliore 2010[68]a   

-Jackson 2012[72]   
-Saber 2012[37]   
±Husain 2015[38]   
±Kyjovska 2015[39]   
-Bengtson 2016[69]   
-Saber 2016[41]   
-Poulsen 2016[40]   
-Lindner 2017[74]   
-Bengtson 2017[42]   
-Hadrup 2017[43]   
-Modrzynska 2018[44]   
-Bendtsen 2019[46]   
-Barfod 2020[45]   
-Bendtsen 2020[47]   
-Billing 2020[48]   
-Hadrup 2020[49]   
-Hadrup 2021[50]  

Italic text is animal studies, normal text is cell culture. a Results are not reported in the publication (i.e., the null effect is merely mentioned in the text). b Borderline 
statistically significant increase in DNA strand breaks in A549 cells; statistically significant, although low, increase in the level of DNA strand breaks in THP-1a cells. 
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genotoxic effect in cell cultures (15 out of 21 endpoints), whereas there 
are genotoxicity responses in only 18 % (3 out of 17 endpoints) of the 
endpoints in BAL cells and 19 % (3 out of 16 endpoints) in lung tissue. It 
is remarkable that even very high doses of nanosized carbon black do not 
consistently generate DNA strand breaks in vivo, whereas in vitro results 
suggest a primary genotoxic mechanism of action. Moreover, a dichot-
omization of the results according to a concurrent inflammatory 
response does not suggest a mechanism of secondary genotoxicity as 42 
% of the studies showed genotoxicity and inflammation (11 studies with 
genotoxicity out of 26 studies), whereas 50 % showed genotoxicity 
without concurrent inflammation (2 studies with genotoxicity out of 4 
studies). The observations do not support a theory of inflammation- 
driven (secondary) genotoxicity of nanosized carbon black. This is 
further supported by observations of linear dose-response relationship of 
8-oxodG in lung tissue after exposures to poorly soluble particles over a 
dose range that includes the putative threshold of lung particle overload 
[53]. For nanosized carbon black it seems conceivable that genotoxicity 
occurs by oxidative stress caused by either ROS production by carbon 
blacks or cellular ROS-producing enzymes. In the database of the present 
review, cellular ROS production and oxidative stress have been assessed 
in certain studies on genotoxicity [63–65, 67, 80, 81, 85, 88]. Interest-
ingly, all of the six studies with carbon black-induced genotoxicity have 
shown oxidative stress too, whereas there are only two studies with 
unaltered genotoxicity (one study showed oxidative stress and the other 
study did not) [67,88]. It is important to note that a direct linkage be-
tween carbon black-mediated ROS production and genotoxicity has not 
been documented by co-treatment with antioxidants. Another limitation 
of the current literature is that studies have not specifically investigated 
secondary genotoxicity in cell culture systems with either co-cultures of 
immune and target tissue cells or exposure of target tissue cells with 
conditioned medium from particle-exposed immune cells. Studies on 
other types of nanomaterials than carbon black suggest that secondary 
genotoxicity is a mechanism of action in cell culture experiments 
[101–104]. 

We have used either continuous or categorical data of the dose to 
assess the dose-response relationship in BAL cells and lung tissue at 
different time points. The pooled analysis shows a difference in geno-
toxic effects between BAL cells and lung tissue. Namely, the dose- 
relationship (slope) is highest at day 3 in BAL cells, whereas the stron-
gest dose-response relationship in lung tissue occurs at day 1 post- 
exposure (Fig. 5). The studies in the pooled analysis indicate that the 
composition of BAL cells is dominated by neutrophils at day 1 post- 
exposure, whereas macrophages are most prominent at day 28 post- 
exposure. On the contrary, BAL cell composition at day 3 post- 
exposure seems to be more viable across studies and consists of neu-
trophils, macrophages and eosinophils [36,41,42,45,49]. It seems un-
likely that the increased level of DNA strand breaks in BAL cells at day 3 
post-exposure is due to a particular subtype of leukocytes with high level 
of DNA damage (e.g. eosinophils). It is more likely that the higher level 
of DNA strand breaks in BAL cells at day 3 post-exposure is due to both 
the exposure and the composition of cells. The pooled analysis indicates 
that the magnitude of genotoxicity in lung tissue is lower than BAL cells 
at all time points. The lower level of genotoxicity in lung tissue samples 
might be due to a dilution of effect because tissue samples contain cells 
that are lesser exposed to particles than inflammatory and epithelial 
cells. 

The results of the pooled analysis, as well as the meta-analysis, 
indicate that Printex 90 cause genotoxic effects of small magnitude. 
The pooled analysis of DNA strand breaks in lung tissue indicates a net 
increase of 0.9 (day 1) and 0.8 (day 3) %Tail DNA in the comet assay. 
This induction of DNA strand breaks corresponds to 0.02–0.03 lesions/ 
106 bp, by using a laboratory-specific calibration curve (conversion 
factor: 0.037 lesions/106 bp per 1%Tail DNA) [105]. In comparison, the 
background level of DNA strand breaks of putatively unexposed humans 
is approximately 0.4 lesions/106 bp [29]. The relatively low net increase 
in DNA strand breaks (and possibly other types of DNA damage) suggests 

that nanosized carbon black is a relatively weak genotoxic agent. It 
might indicate that other mechanisms than primary or secondary gen-
otoxicity are important for the development of lung cancer by high 
exposure levels in rats. It does not rule out that persistent inflammation 
and oxidative stress are important mechanisms of action for carbon 
black generated carcinogenicity in rats, but this may not be mediated by 
mutagenic or clastogenic effects. 

Our critical analysis of the search process for the systematic review 
outlines a number of challenges. An important issue in systematic re-
views is a transparent and reproducible search of the literature [106]. 
Unfortunately, we had to deviate from this stringent process to identify 
all relevant publications and include them in the review. It should be 
noted that our observations on the inefficiency of the literature search 
on carbon black is not unique. For instance, a systematic review of the 
association between exposure to air pollution particles and oxidatively 
damaged DNA was able to capture all but one publication in a systematic 
search by using a hierarchical approach where publications were iden-
tified by (1) searches in PubMed and EMBASE, (2) inspection of refer-
ence lists of the identified publications, and 3) search of publications in 
Web of Science that had cited the identified publications [107]. How-
ever, in order to alleviate the problem of missed publications we have 
previously employed parallel searches in PubMed and Google, where the 
latter search engine finds publications by search terms within the main 
text of the publications [93]. Nevertheless, the critical assessment of our 
systematic review demonstrates the importance of capturing all publi-
cations as those we did not find in the systematic search tended to be null 
effect studies. Another problem in systematic reviews is publication bias. 
We have previously demonstrated in systematic reviews that null effect 
findings, which were described in assessment reports from certain pro-
jects sponsored by European Union funds, have not been published in 
regular journals [108]. We speculate that it may be related to a tradition 
in European research projects where economic support is granted to 
procuring results, describing them in various reports, but not necessarily 
pursuing the more difficult task of publishing results in scientific jour-
nals. Publication bias may also be a problem in published results. In a 
systematic review on genotoxicity of nanosized titanium dioxide, we 
showed a tendency that publications with data on other nanomaterials 
than just titanium dioxide (or more than one genotoxicity assay) re-
ported a lower induction of DNA damage than publications with only 
results on titanium dioxide [108]. In addition, a critical review of 
measurements of oxidatively damaged DNA in cells and animal tissue 
has shown a strong association (i.e., odds ratio = 12; 95 % confidence 
interval: 1.2, 124) for detecting a statistical effect if either the back-
ground level of 8-oxodG was exceedingly high or DNA lesions had been 
detected by using an unreliable antibody-based method [109]. It sug-
gests that statistically significant genotoxic effects are likely to be pub-
lished irrespective of the quality of the method, whereas null effects 
obtained by unreliable methods are omitted during the publication 
process. 

This systematic review sought to answer if (1) nanosized carbon 
black is genotoxic, and (2) if the genotoxicity of carbon black is caused 
by inflammation. Collectively, the studies in the review indicate that 
nanosized carbon black causes damage to the DNA. There is strong ev-
idence that increased levels of DNA strand breaks is seen in pooled 
analysis and meta-analysis in BAL cells and lung tissue of mice. These 
results are strongly supported by in vitro studies on DNA strand breaks 
in cell cultures. Nevertheless, only low levels of DNA strand breaks are 
generated by nanosized carbon black and there is no clear dose-response 
relationship. There is not consistent evidence of oxidatively damaged 
DNA, which is surprising because ROS production (or oxidative stress) 
causes both DNA strand breaks and oxidative damage to DNA. Antiox-
idant co-treatment is a feasible solution to research questions on 
whether or not primary genotoxicity arises from oxidative stress. 
However, the interpretation of the effect is challenged by the low level of 
DNA damage caused by carbon black exposure in wild-type cells or 
animals. An alternative model may therefore be a DNA repair knockout 
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model as for instance used for the study of oxidatively damaged DNA in 
lung tissue of Ogg1 knockout mice after exposure to diesel exhaust 
particles [110]. Methods used to silence DNA repair genes, such as RNA 
interference (RNAi), small interfering RNA (siRNA) or clustered regu-
larly interspaced short palindromic repeats (CRISPR), could be advan-
tageous to develop experimental models where carbon black-generated 
DNA lesions would accumulate during the exposure period. As for the 
relatively few studies on mutations, which demonstrate inconsistent 
results, it could be relevant to use repeated low-dose exposures to in-
crease the number of mutations [11]. It is desirable to increase the 
database on mutations and cytogenetic endpoints in order to assess if 
DNA lesions become permanent and therefore more hazardous to the 
cells. Such studies may incorporate experimental setups to assess 
whether the genotoxicity arises as a consequence of direct (primary) 
damage to DNA or via inflammation-mediated (secondary) effects. The 
latter may take advantage of recent advancements in co-cultures and 
advanced exposure conditions such as air-liquid interphase systems. 

The studies in this systematic review have acceptable quality to 
avoid false results in the genotoxicity assays. We have not applied 
quality scores or weight factors related to the exposure models (e.g., 
inhalation is more relevant than i.t. instillation), experimental model (e. 
g., in vivo models are more relevant than in vitro models) or particle 
characterization (e.g., inclusion of electron microscopy pictures in the 
publication). The low number of studies and differences in experimental 
models and exposure conditions makes it impossible to use meta- 
analysis to assess heterogeneity in the results and calculate combined 
estimates of the genotoxic effects. Thus, a limitation of the current 
systematic review is the tendency to condense rather than incorporate 
the diversity of the test conditions in the same analysis. In addition, we 
have also demonstrated the difficulty in systematic searches of toxico-
logical literature. It is our experience that a dogmatic adherence to 
guidelines of systematic review such as Cochrane reviews (https://tra 
ining.cochrane.org/), STROBE (https://www.strobe-statement.org/) or 
PRISMA (https://prisma-statement.org/) in the field of toxicology is 
challenging, which may be due to the fact that these guidelines were 
developed for human health studies and epidemiology. The preamble of 
the IARC monograph does not specifically address literature search of 
(geno)toxicological studies or the quality assessment of results, although 
it lists ten key characteristics of carcinogens [111]. However, there are a 
number of instruments for assessing methodological quality in animal 
studies [112]. The Klimisch system has been used by the European 
Chemical Agency for the quality of toxicological studies [113,114], but 
it is criticized for leaning too heavily on Good Laboratory Practice and 
thus favoring studies from the chemical industry. In general, it is 
desirable to develop recommendations (or even guidelines) to conduct 
systematic reviews and assess the quality of in vitro and in vivo studies 
in toxicology. Such recommendations/guidelines will have highest 
impact if they distinguish between “need to have” and “nice to have”, 
thus prioritizing the methods that will answer questions on the haz-
ardous properties of nanomaterials. 

In conclusion, by using meta-analysis and pooled analysis, this re-
view shows that i.t. instillation of Printex 90 is associated with a weak 
genotoxic effect in BAL cells and lung tissue of mice. Results on other 
types of nanosized carbon black and other endpoints than DNA strand 
breaks support a genotoxic mechanism of action. Increased levels of 
DNA damage by carbon black seems more likely to arise by direct 
mechanism (i.e., oxidative stress) than by inflammation-driven (sec-
ondary) genotoxicity. 
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Robinet, A. Buschini, D. Cavallo, C.C. Pereira, C. Costa, S. Costa, J. Da Silva, 
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