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ABSTRACT

The purpose of this work is to establish the adaptive, stress and
compensatory responses in people employed in titanium production
and in laboratory animals kept at the Ust-Kamenogorsk Titanium and
Magnesium Plant. It focused on the adaptive responses of mice
(a total of 28 individuals in the experimental and control groups). The
population of human participants consisted of 430 workers in the
main workshops and 100 office workers (control group) employed at
the plant. Morbidity and working conditions were analyzed. Urinary
and blood biochemistry was evaluated. Changes in nitrogen
metabolism were observed. The level of urea increased by 22%,
creatinine - by 19%, and hydroxyproline - by 71% after a 2-week
exposure to titanium and its compounds. Changes in carbohydrate
metabolism were found. The level of glucose increased by 44% and
the level of lactic acid increased by 65% after a 4- and 12-week
exposure. As to animals, the study confirmed that there was a 41%
increase in the concentration of lactic acid, a 38% increase in glucose,
and a 50% increase in hydroxyproline following a 2-week exposure.
Creatinine increased by 20%, indicating kidney damage in animals.
The adaptive changes observed in workers can be markers in risk
assessment.
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INTRODUCTION

As the leading global providers of highly sophisticated alloys for rocket
engineering, prosthetic and other advanced applications, titanium production and
magnesium production are one of the most highly demanded sectors in modern
metallurgy (Khan et al., 2019). Workers employed in those sectors are required to
wear protective clothing for additional protection (Manke et al., 2013). Meantime,
the developing countries (especially the post-Soviet republics) are less invested in
preventive healthcare at the workplace. Such negligence results in an increased
occupational morbidity. As known, the main production-related hazards are dust and
different harmful compounds released during metallurgical processes (Iavicoli et al.,
2012).

Available literature concerning the health risks of titanium production mostly
elucidates the damage caused to the respiratory system of titanium plant workers,
for respiratory diseases rank first in the morbidity profile (Saehana et al., 2011;
Manke et al., 2013; Iavicoli et al., 2012; Koedrith et al., 2018). The clinical signs of
respiratory damage are known to be not obvious. The personnel of titanium plants
come in contact with titanium and associated harmful substances, such as vanadium,
chromium, and manganese. Dusts containing more elements besides titanium are
called complex and, consequently, are considered more toxic (Sungur, 2020).
Previous studies found a relation between clinical changes in the respiratory function
and exposure to the toxic chemicals released during production (Ali et al., 2018;
Dakieva et al., 2020). These include titanium dioxide, titanium metal powder,
titanium tetrachloride, chlorine, hydrogen chloride, and phosgene (Ali et al., 2018;
Dakieva et al., 2020).

The combined action of titanium tetrachloride hydrolysis products causes,
among other things, chronic lung diseases. Individuals who were exposed to it
showed infiltrated and fibrotic changes in the lungs and lesions of the nervous system
(Stepanov et al., 2013).

In such working conditions, workers often experience acute respiratory
infections, chronic bronchitis, etc. (Ali et al., 2018). The retention rate of chlorine
anion-containing compounds (e.g., chlorine, hydrogen chloride, titanium
tetrachloride, phosgene, magnesium dichloride) was relatively high and ranged from
39 to 85% (Toyooka et al., 2012).

Evidence from experiments involving albino mice suggests that exposure to
titanium tetrachloride (TiCl4) has consequences associated with the action of not only
TiCl4 itself but also the products of its hydrolysis — hydrogen chloride and titanium
compounds powders (Magdolenova et al., 2012). Literature contains limited
information on the effect of titanium and its compounds on individual organs and
body systems. It is known that insoluble titanium compounds trigger changes in the
respiratory tract (Hsiao and Huang, 2011). There were also cases of pneumoconiosis
among workers exposed to titanium and titanium carbide at their workplace
(Landsiedel et al., 2010).

Given the negative consequences of working at titanium production plant, it is
better to detect diseases in their earliest stages to prevent progression (Shi et al.,
2013; Dakieva et al., 2018). More studies are needed to define the effects of harmful
factors and their role in health deterioration. These studies can lay the groundwork
for health precautions aimed at improving health and performance at the titanium
production plant (Zhang et al., 2012).

The literature is mainly devoted to the effect of titanium and its compounds on
a single organ system - respiratory, digestive or cardiovascular system (Landsiedel
et al., 2010; Lv et al., 2019; Tang et al., 2019). However, it is important to know the
basic biochemical parameters of blood and urine in order to detect the early
symptoms of a disease. Such tests can be helpful in early diagnostics and are cost-
friendly. There are very few papers addressing blood biochemistry of workers
employed in the titanium industry (Baranowska-Wadjcik et al., 2020). This study aim
is to narrow this gap.
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This study contributes information about the dangers of working under titanium
production conditions. The present findings can be used to develop safety measures
needed for making titanium production safe for human health.

The authors of the present paper are the first to report the urinary and blood
test results from workers and laboratory animals placed in different environments
and discuss the adverse factors (dust size, toxicant content) in detail. Hypothetically,
serious disorders of carbohydrate and nitrogen metabolism would be evident with
blood and urine tests performed on animals and plant workers (Ventsova and
Safonov, 2021; Safonov, 2022). The results will make it possible to discover the
effect of titanium and its compounds on metabolic processes running in the body of
laboratory animals and humans. Moreover, thanks to the titanium exposition
research, it will be possible to standardize working conditions.

The purpose of this work is to study the adaptive, stress and compensatory
responses in people employed in titanium production and laboratory animals kept at
the titanium metallurgical plant. The objectives of the study are: a) to investigate
the adaptive responses and metabolic processes in laboratory animals placed under
conditions of the plant; b) to study the adaptive responses and metabolic processes
occurring in the body of plant workers having different length of service; c) to assess
the concentration of pollutants in the body of plant workers.

Limitations of the study are associated with the study location. All participants
were employed in titanium production. Those employed in other branches of
metallurgical industry may show different results.

MATERIALS AND METHODS

Study design

In-house research consists of two parts: (1) an experiment on sexually mature
Wister albino mice and (2) an examination of human participants who work in the
main workshops at the Ust-Kamenogorsk Titanium and Magnesium Plant (UK TMP,
JSC) in Kazakhstan. The Plant mainly produces titanium ingots and titanium sponge.
It is the world's leading supplier in the aerospace industry. The Plant was founded in
1954 and still runs today with 2689 people employed. One of its hazards is the landfill
of chlorine-containing wastes. By 2020, the Plant managed to reduce the amount of
pollution from 3 tons per year per Ust-Kamenogorsk resident to 650 kg. Dumps and
landfills are in process of being reclaimed.

In Soviet times, despite the existing labor standards, pollution prevention was
not carried out adequately. There were no treatment facilities and workers did not
always receive bonus payments for difficult production conditions and overalls. So
far, these shortcomings have been corrected and the Plant has undergone
modernization, primarily in relation to treatment facilities.

The nature of pathological changes in the body of animals exposed to a
combination of toxic gases and dust (titanium dioxide powder, titanium metal dust,
titanium tetrachloride and its hydrolysis products, chlorine and phosgene) was
determined experimentally. The studies took place directly in titanium and
magnesium workshops. In the researchers’ opinion, the field study approach creates
the most advantageous experimental model, which enables comprehensive
comparison of the clinical and experimental data.

Sample

Experimental animals were placed inside the three main workshops (workshops
No. 1, 2, and 3) of UK TMP, JSC. They were kept in specially tailored cages, each
housing 25-26 animals. The cages were installed at the level of the human respiratory
organs. The control group (28 animals) was kept on the premises of the plant in a
separate, clean, well-ventilated room. Both experimental and control animals were
killed after 2, 4 and 12 weeks of exposure.
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A total of 430 workers in the main workshops at the UK TMP, ]JSC were
examined. The control group consisted of 100 workers in the administrative and
economic department, where no occupational hazards were present. The
participating workers were full-time employees, who signed an agreement with the
Plant where the Plant obligated to provide safe working conditions. All workers were
randomly selected and informed that their participation is voluntary. Each individual
received the opportunity to familiarize with the research protocol and signed an
informed consent to participate in the study. The study was carried out in accordance
with international standards. The anonymity and confidentiality of the data were
guaranteed to the participants and respected. The study was approved by the Ethical
Committee of the Kazakhstan Academy of Sciences (Protocol No. 2231).

The workers were divided into four groups based on their length of service
(Table 1): those who have been working at the plant for less than 3 years, 3 to 5
years, 6 to 10 years and more than 10 years.

Table 1. Distribution of the examined workers by the length of service (as a percentage
and absolute number).

Length of service Total
No. Examined groups Up to 3 3-5 6-10 More than
years years years 10 years
abs % abs % abs % abs % abs %
1 Control group 29 29 25 25 24 24 22 22 100 100

2 Experimental group 125 29 116 27 99 23.1 90 20.9 430 100

Study sample consisted of workers holding the following main positions:
chlorinator operators, electrolysis operators, machine operators in titanium
production, smelters, cutters, mill operators, furnace operators, and chlorine
distillation operators (Table 2).

Table 2. Distribution of workers by positions (UK TMP, JSC)
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Workers were employed at the following main workshops (Table 3): magnesium
production workshop or workshop No. 1; titanium tetrachloride production workshop
or workshop No. 2; and titanium sponge production workshop or workshop No. 3.

Table 3. Distribution of workers by workshops (UK TMP, JSC).

Hazardous production workshops

Workshop No. 1 Workshop No. 2 Workshop No. 3 Total
abs. % abs. % abs. % abs. %
134 31.2 143 33.2 153 35.6 430 100
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Research methods

Non-protein nitrogen compounds in blood. The content of urea was
determined by the diacetyl monoxime method (Fearon’s reaction).

Residual nitrogen was determined by colorimetry. The method mineralizes the
protein-free filtrate obtained after blood protein precipitation when heated with
concentrated sulfuric acid in the presence of a catalyst.

The levels of serum creatinine were assessed according to Popper et al. The
principle of the method is the following: in alkaline medium, creatinine forms a
complex with picric acid. The intensity of its color is proportional to the amount of
creatinine. The wavelength was 530 nm.

Indicators of connective tissue metabolism

The content of hydroxyproline (Hyp) was determined by studying the excretions
in 24-hour urine samples. The results were evaluated according to the calibration
curve (Table 4).

Table 4. Determination of urinary hydroxyproline levels.

Reference standard Distilled water Concentration
Tube No. A sample contains mL pug/mL pg/0.5 mL
(Hg)

1 5 0 200 100
2 4 1 100 80
3 3 2 120 60
4 2.5 2.5 100 60
5 3 80 40
6 1 4 40 20
7 0.5 4.5 20 10
8 0.25 4.75 10 5
9 0.11 4.80 0.5

To plot the graph, a series of solutions was prepared. A certain amount of a
hydroxyproline working standard was sequentially introduced into each prepared
solution.

Carbohydrate metabolism

Determination of blood glucose was performed with an automatic biochemical
analyzer Cobas integra-400 plus using reagent kits from Lachema. Determination
was based on the Gultman method modified by Hivarinena-Nikkila.

Blood pyruvic acid was determined using the modified Umbright method. The
content of lactic acid was measured enzymologically based on the amount of NAD-H2.

Statistical data analysis was carried out in Statistics 10. The Student's t-test
was used to compare the values of the variables. Differences are considered
significant at P < 0.05.

RESULTS

Adaptive responses and metabolic processes in laboratory animals placed
under conditions of the plant

The following nitrogen compounds were determined in blood: residual nitrogen,
urea, and creatinine. Hydroxyproline was determined as an indicator of the
connective tissue biochemistry.
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In workshop No. 1, residual nitrogen increased moderately by 11% after 2
weeks, by 12% after 4 weeks, and by 11% after 12 weeks as compared to the control
group. Thus, the levels of residual nitrogen reached 18.9 £ 0.5, 19.3 £ 0.5 and 20.1
£ 0.4 mmol/L in workshop No. 1, and 17.0 £ 0.4, 17.2 £ 0.3 and 18.1 £ 0.5 mmol/L
in the control group (P < 0.05).

In workshops No. 2 and 3, residual nitrogen increased only by week 12 of the
experiment. An increase of 8 and 9% was reported. The level of residual nitrogen
increased to 19.6 £ 0.6 in workshop No. 2 and to 19.9 + 0.6 in workshop No. 3
(P < 0.05).

The revealed increase in residual nitrogen in workshop No. 1 was caused by the
accumulation of urea. The content of urea increased by 21, 30 and 26%, reaching
5.0 £ 0.3, 5.6 £ 0.4 and 5.8 £ 0.4 mmol/L as compared to the control values of 4.1
+0.1,4.3 £ 0.2 and 4.6 £ 0.3 mmol/L (P < 0.05).

In workshop No. 2, an increase in urea was identified only by week 12. At this
time point, the level of urea was 5.4 £ 0.3 mmol/L. It exceeded the level reported
for the control group by 17% (P < 0.05). In workshop No. 3, the level of urea also
increased only by week 12 (a 13% increase, P < 0.05).

Blood creatinine in workshop No. 1 increased to 70 £ 3.2, 78 £ 5.1 and
86 £ 5.5 ymol/L, indicating a moderate change of 19, 13 and 26%. In the control
group, the levels of creatinine were 58.9 £ 1.2, 62.4 £ 1.5 and 68.4 £ 1.9 ymol/L
(P < 0.05). Changes in animals that were kept inside workshops No. 2 and 3 were
also within the moderate range. An increase was seen only at 12 weeks. The levels
of creatinine reached 82 * 4.0 pmol/L in workshop No. 2 (a 10% increase as
compared to the control group) and 81 * 4.7 umol/L in workshop No. 3 (an 18%
increase as compared to the control group) (Table 5).

Table 5. Nitrogen metabolism and hydroxyproline excretion in animals kept inside the
workshops at UK TMP, JSC.

Parameters Blood tests
No. q ﬁﬁi:)dguear: Urea Creatinine Hyp,
Hg/24 hours
Animal groups mmol/L pmol/L
1 Control group:
2 weeks 10 17.0£ 0.4 4.1 £0.1 58.9 £ 1.2 18.7 £ 0.5
4 weeks 9 17.2 £ 0.3 4.3 £ 0.2 62.4 £ 1.5 21.2 £ 0.8
12 weeks 9 18.1 £ 0.5 4.6 £ 0.3 68.4 £ 1.9 29.4 £ 0.7
2 Workshop No. 1:
2 weeks 9 18.9 £+ 0.5% 5.0 £ 0.3% 70 £ 3.2% 32 £ 2.3%x
4 weeks 8 19.3 £ 0.5% 5.6 £ 0.4% 78 £ 5.1 35 £ 3.1xxx
12 weeks 8 20.1 £ 0.4 5.8 +£ 0.4 86 £ 5.5% 42 + 4,20
3 Workshop No. 2:
2 weeks 10 18.0 £ 0.5 4.7 £ 0.3 66.1 £ 5.0 28 + 3.3*%x
4 weeks 9 18.8 £ 0.6 5.0+ 04 74 £ 6.0 30 £ 3.1xx
12 weeks 9 19.6 £ 0.6% 5.4 +£ 0.3% 82 £ 4.0 35 £ 2.0%
4 Workshop No. 3:
2 weeks 10 17.5 £ 0.5 4.5 £ 0.3 65 £ 3.1 26 £ 3.2%
4 weeks 9 18.1 £ 0.7 4.8 £ 0.4 72 £ 4.5 29 £ 2.4
12 weeks 9 19.9 £ 0.6% 5.2 £ 0.2% 81 £ 4.7% 32 £1.1%

Note: x — P < 0.05; xx - P < 0.01; xxx - P < 0.001

Hydroxyproline excretion is indicative of the degradation of collagen, which is
a protein present in the connective tissue. In the 24-hour urine of animals kept inside
workshop No. 1, hydroxyproline excretion increased by 71, 65 and 43%, reaching 32
+ 2.3, 35 £ 3.1 and 42 * 4.2 ug/24 hours (P < 0.001). These values were higher
than the control ones at all time points (18.7 £ 0.5 at 2 weeks, 21.2 + 0.8 at 4 weeks
and 29.4 £ 0.7 pg/24 hours at 12 weeks) (Figure 1).
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Figure 1. Increase (+) in nitrogen metabolism and hydroxyproline excretion
in animals kept inside the workshops at UK TMP, JSC. Experiment time points:
I - 2weeks, II - 4 weeks, III - 12weeks. Workshops: A - workshop No.1, B -
workshop No. 2, C — workshop No. 3.

In animals placed inside workshop No.2, the changes were less drastic.
Hydroxyproline excretion changed by 49, 42 and 19%, reaching 28 + 3.3, 30 + 3.1
and 35 £+ 2.0 ug/24 hours.

In animals that were staying inside workshop No. 3, hydroxyproline exertion
increased by 39% after 2 weeks (26 + 3.2 pg/24 hours, P < 0.01), by 37% after
4 weeks (29 + 2.4 pg/24 hours, P < 0.001), and by 9% after 12 weeks (32 £ 1.1
Mg/24 hours, P < 0.01) as compared to the control group.

These data indicate that soluble forms were responsible for an increase in
hydroxyproline at the beginning of the experiment. Hydroxyproline levels decreased
by the 12t week due to formation of an insoluble form of hydroxyproline. In other
words, hydroxyproline decreases when fibrous tissue lines internal organs and
replaces functional elements (in the liver, lungs, and kidneys).

Regarding carbohydrate metabolism, blood glucose and the end products of
glycolysis — pyruvic and lactic acids - were determined. In a blood glucose test,
animals in workshop No. 1 showed an increase of 40%, 50% and 40% at weeks 2, 4
and 12, respectively, with variables reaching 7.2 £ 0.3; 8.4 £ 0.2 and 9.1 £ 0.4
mmol/L (P < 0.001). In the control group, the following blood glucose levels were
registered at the given time points: 5.0 £ 0.2, 5.6 £ 0.6 and 6.5 £ 0.7 mmol/L
(Table 6).
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Table 6. Carbohydrate metabolism in experimental animals kept inside the
workshops at UK TMP, JSC.

No. Parameters n Glucose, P . .
mmol/L yruvic Lactic
Animal groups acids, pmol/L
1 Control group:
2 weeks 10 5.0+£0.2 111 + 3.0 2.06 £ 0.1
4 weeks 9 5.6 £ 0.6 136 £ 2.5 2.5 £0.2
12 weeks 9 6.5 + 0.7 142 + 3.1 3.2+0.1
2 Workshop No. 1:
2 weeks 9 7.2 £ 0.3 126 £ 2.0 3.4 £ 0.1
4 weeks 8 8.4 £ 0.2 149 £ 3.0 4.6 £ 0.1
12 weeks 7 9.1 £ 0.4 164 £ 3.5% 5.8 £ 0.3%x
3 Workshop No. 2:
2 weeks 9 6.9 £ 0.1 121 £ 2.0 2.9 £ 0.2xx
4 weeks 8 7.2 £ 0.4 139 £ 3.0 3.6 £ 0.1
12 weeks 8 8.1 £ 0.4 158 £ 3.0 3.9 £ 0.2%
4 Workshop No. 3:
2 weeks 9 6.6 £ 0.2% 129 + 1.0 3.6 £ 0.2
4 weeks 8 7.4 £ 0.2%x 135+ 1.5 2.9 + 0.1
12 weeks 8 8.5 £ 0.3% 151 £ 2.0% 4.2 £ 0.4%

Note: x = P < 0.05; xx - P < 0.01; xxx - P < 0.001

Blood glucose levels measured in animals placed in workshop No. 2 exceeded
those in the control group by 40, 30 and 20% (6.9 £ 0.1 at P < 0.001, 7.2 £ 0.4 and
8.1 £ 0.4 at P < 0.01). In animals kept in workshop No. 3, blood glucose levels
increased by 30% at week 2 and then maintained at this level at weeks 4 and 12
(6.6 £0.2,7.4 £0.2 and 8.5 £ 0.3 mmol/L) (Figure 2).

50%

40%

30% -
20% 1
10% +

0%

80%

60%

40% |

20%
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|\Eglucose Dpyruvic acid

lactic acid

Figure 2. Increase (+) in carbohydrate metabolism in experimental animals
kept inside the workshops at UK TMP, JSC. Experiment time points: I - 2
weeks, II - 4 weeks, III - 12 weeks
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Workshops: A — workshop No. 1, B — workshop No. 2, C - workshop No. 3Blood
lactic acid measured in animals in workshop No. 1 increased by 60% after 2 weeks
(to 3.4 £ 0.1 pmol/L at P < 0.001) and by 80% after 4 and 12 weeks (to 4.6 £ 0.1
and 5.8 £ 0.3 at P < 0.001) as compared to the control group (2.06 £ 0.1, 2.5 £ 0.2
and 3.2 £ 0.1 ymol/L). In animals in workshop No. 2, blood lactic acid content
increased by 40% at weeks 2 and 4 (2.9 £ 0.2 and 3.6 £ 0.1, P < 0.001), and by
20% at week 12 (3.9 £ 0.2, P < 0.05). In animals staying inside workshop No. 3,
the levels of lactic acid increased sharply by 70% after 2 weeks (to 3.6 £ 0.2 at
P < 0.001). Further, lactic acid slightly increased by 20 and 30% at weeks 4 and 12
(to2.9 £ 0.1 at P< 0.05and 4.2 £ 0.4 ymol/L at P < 0.01). The levels of lactic acid
tended to increase across all time points.

After 2 weeks of the experiment, blood pyruvic acid in animals in workshop No.
1 increased by 14% as compared to the control group (126 £ 2.0 vs. 111 £ 3.0, P <
0.001). At weeks 4 and 12, the blood content of pyruvic acid increased significantly,
by 25 and 36% (149 + 3.0 and 164 * 3.5, respectively). At the same time points,
the levels of pyruvic acid in the control group were 136 £ 2.5, 142 + 3.1 (P < 0.001).
Blood pyruvic acid in animals in workshop No. 2 increased by 10% at week 2 (121 +
2.0 yumol/L, P < 0.01); at week 12, it reached 158 £ 3.0 (P < 0.001). In animals that
were staying inside workshop No. 3, blood pyruvic acid increased to 129 £ 1.0 (P <
0.001) at week 2 and 151 £ 2.0 (P < 0.01) at week 12. Thus, the levels of pyruvic
acid in animals kept inside the workshops at UK TMP, JSC tended to increase across
all time points.

Adaptive responses and metabolic processes occurring in the body of plant
workers having different length of service

Nitrogen metabolism and hydroxyproline excretion tests were performed on
196 workers holding the main positions at UK TMP, JSC and 100 people in the control
group. Nitrogen metabolism was assessed based on the residual non-protein
nitrogen, urea, and creatinine data, whereas the state of connective tissue
components was assessed by measuring hydroxyproline excretion (a specific protein
amino acid).

Nitrogen metabolism showed a general statistically significant tendency to
creatinine increase with a change of 9% (87.1 £ 1.3 ymol/L) as compared to the
control group (80.1 £ 0.8 pumol/L), P < 0.05. At the same time, there was a significant
increase of 44% in hydroxyproline excretion as compared to the control values (29.2
+ 1.4 vs 20.23 £ 0.58 ug/24 hours). The variables are shown in Tables 7 and 8.

People with the length of service of up to 3 years had a 51% increase in Hyp
(Figure 3). Workers having the length of service of 3-5 years experienced an increase
in both blood creatinine and Hyp excretion levels (10 and 44% increase,
respectively). Workers with the length of service of 6-10 years had a 12% increase
in blood creatinine (significant change) and a 37% increase in the levels of Hyp
excretion as compared to the control values.

A slight decrease in hydroxyproline across individuals with the length of service
of more than 3 years is apparently related to a slight decrease in soluble collagen
fraction. The latter occurs due to development of internal organs fibrosis, i.e.,
transition of soluble collagen fractions into insoluble ones.
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Table 7. Nitrogen metabolism and 24-hour urinary Hyp excretion in workers depending
on the length of service.

Blood tests

No. ::ra;ii: f n ﬁiet:‘i:lguea; Urea Creatinine :;7'24 hours
mmol/L pmol/L

1 Up to 3 years 30 19.8 £ 0.2 48+0.11 824+1.4 30 + 1.2%

2 3-5 years 30 20.3+0.6 4.6 +0.13 86.2+1.2x  32.3 % 1.0%
3 6-10 years 22 21.2£0.3 4.9 +£0.10 88.6 + 1.5%x  28.2 + 1,20
4 More than 10 20 219+ 0.4 4.7 £0.12 92.2 £ 1.1 26.4 £ 1,50

years

Total, mean #+ standard 102 20.7 £0.3 4.9 +£0.10 87.1 +£1.3% 29.2 £ 1.4
deviation +904 449,

Note: x - p < 0.05; xxx - p < 0.001 as compared to the control group (Table 8)

Table 8. Nitrogen metabolism and 24-hour urinary Hyp excretion in the control group
workers depending on the length of service.

Blood tests

Years of Residual - Hyp,
No.  service n nitrogen Urea Creatinine ,g/24 hours
mmol/L pmol/L
1 Up to 3 years 29 19.8 £ 0.3 48 +0.11 809+1.1 19.9 £ 0.6
2 3-5 years 25 20.2 £ 0.2 4.9 + 0.2 78.6 £ 1.0 22.4 £ 0.6
3 6-10 years 24 21.4 £ 0.3 4.7 £ 0.2 79.2 £ 1.2 20.6 = 0.9
4 More than 10 22 19.4 £ 0.2 5.0 £ 0.1 81.6 £ 1.3 18.0 £ 0.3
years
Total, mean + standard 100 20.2 £ 0.24 485+ 0.14 80.1 +£0.8 20.23 + 0.58
deviation
60%
51%
50% 47% 0%
w00 | = 379%
30% 1
(o] i
20% i 2 [13% 13%
10% + L
0%

up to 3 years 3-5 years 6-10 years more than 10 years

OHyp @ creatinine residual nitrogen \

Figure 3. Increase and decrease (+, -) in nitrogen metabolism and 24-hour
urinary Hyp excretion in workers employed at UK TMP, JSC depending on
the length of service.
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People working at the plant for more than 10 years demonstrated significant
changes in residual non-protein nitrogen (13% higher than the control values),
creatinine (13% higher than the control values) and Hyp excretion (47% higher than
the control values). The results obtained correlated with those obtained in the
experiment with inhalation of titanium slag dust. The quantitative differences can be
explained by a more sophisticated human regulation system.

Apparently, the plant workers did not experience any special changes in the
composition of blood residual nitrogen and urea. Blood content of creatinine, which
is one of the end products of nitrogen metabolism, increased moderately, especially
in people having the length of service of up to 3 years and 3-5 years. It is worth
mentioning that increased creatinine indicates decreased kidney function.

The level of 24-hour urinary Hyp excretion may clearly indicate the dysfunction
of the connective tissue components. Due to unfavorable production factors,
especially dust and gases, this dysfunction develops into fibrosis.

The tests for nitrogen metabolism and 24-hour urinary hydroxyproline
excretion yielded ambiguous results for workers employed at different workshops.
The most drastic changes in blood creatinine and urinary hydroxyproline were
observed in workshop No. 1 (magnesium production): creatinine and hydroxyproline
increased by 15% (P < 0.01) and 74% (P< 0.001), respectively, as compared to the
control group (Table 9).

Table 9. Nitrogen metabolism and 24-hour urinary Hyp excretion in workers holding the
main positions at UK TMP, JSC.

Blood tests

No Years of n . - — Hyp
= Sselvice Residual nitrogen Urea Creatinine ug/24 hours
mmol/L pmol /L
1 Workshop No. 1 52 21.0 £ 0.3 4,75 +£0.11 91.8 £ 1.1 35.1 £ 1.0
2 Workshop No. 2 66 21.0 0.2 4.8+ 0.12 87.8+ 1.3 27.4+ 1.0%x

Workshop No. 3 78 20.5 £ 0.6 4.61 £0.12 85.9 £1.2x 29 £ 0.2xx

Note: x - p < 0.05; xx - p < 0.01; xxx - p < 0.001 as compared to the control group (Table 8)

Changes in the contents of creatinine and Hyp in workshops No. 2 and 3 were
less pronounced: creatinine increased by 10% and 7% (P < 0.01 and P < 0.05), and
hydroxyproline excretion increased by 35% and 43%, respectively. The results
obtained correlated with those obtained in the animal experiment described above
(Figure 4).

80% 74%

70% -

60% -

50% -

40% -

30% -

20% -

10% -

0% A el : A
Workshop No. 1 Workshop No. 2 Workshop No. 3

‘ OHyp B creatinine O residual nitrogen

Figure 4. Increase and decrease (+, -) in nitrogen metabolism and 24-hour
urinary Hyp excretion in workers holding the main positions at UK TMP, JSC.
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Thus, workers holding the main positions at UK TMP, JSC had significant
changes in their levels of creatinine and hydroxyproline excretion. This parameter
objectively characterizes the exacerbation of sclerosis involving internal organs
induced by a number of production factors.

The concentration of pollutants (fine dust, titanium oxide, and titanium
chloride) in the body of plant workers

Carbohydrate metabolism (the levels of glucose, pyruvic and lactic acids) was
assessed for 187 workers holding the main positions at UK TMP, JSC and for 100
individuals in the control group. Glucose levels tended to increase insignificantly up
to 4.5 £ 0.5 mmol/L as compared to the control group (4.1 £ 0.6 mmol/L). Details
are given in Tables 10 and 11. Blood concentration of pyruvic acid (pyruvate)
increased in plant workers by 25% as compared to the control group and reached
113 £ 2.6 umol/L (P < 0.001). Blood content of lactic acid (lactate) in workers holding
the main positions at UK TMP, JSC increased by 54% as compared to that in the
control group (P < 0.001).

Finally, blood glucose levels were insignificantly elevated among the workers
with the length of service of up to 3 years, 6-10 years and more than 10 years. The
levels of pyruvate generated from the primary carbohydrate metabolites were
significantly increased in all experience groups.

Table 10. Carbohydrate metabolism in workers holding the main positions at UK
TMP, JSC depending on the length of service.

Blood tests

No. Years of service n Glucose e " -
pyruvic lactic
mmol/L pmol/L

1 Up to 3 years 29 3.6 £0.5 115 £ 2.1 1.72 £ 0.02%
2 3-5 years 32 3.7 £ 0.400° 106 + 1.4 1.94 + 0.030
3 6-10 years 23 4.8 £ 0.5 114 £ 2.0 1.86 + 0.01
4 More than 10 years 21 5.9 £ 0.6°° 121 £ 2.9 1.94 + 0.04
Total, mean =+ standard 100 4.5 £ 0.5 113 £ 2.6% 1.87 £ 0.02%
deviation

The levels of pyruvic acid in workers having the length of service of up to 3
years, 6-10 years and more than 10 years increased stably and significantly (Figure
5). The increase was 22, 28 and 31%, respectively (P < 0.001), as compared to the
control group. In people with the length of service of 3-5 years, the content of pyruvic
acid increased by 10% as compared to people in the control group having the same
length of service. It should be mentioned that an increase in pyruvic acid can become
more apparent in people with vitamin B deficiency, liver hypoxia, and pituitary
adrenal system adaptive rearrangements.
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Figure 5. Increase and decrease (+, -) in carbohydrate metabolism in
workers employed at UK TMP, JSC depending on the length of service.

Blood tests for lactic acid, which is the end product of glycolysis and
glycogenolysis, revealed the biggest increase in workers having the length of service
of 6-10 years. The resulting values exceeded the control values obtained for people
with the same length of service by 84% (Table 11).

Table 11. Carbohydrate metabolism in the control group workers depending on the
length of service.

Blood tests

No. Years of service N Glucose ikl - -
pyruvic lactic
mmol/L pmol/L
1 Up to 3 years 30 3.4 £0.6 94.2 £ 1.4 1.32 £ 0.04
2 3-5 years 26 3.8 £0.5 95.8 £ 1.6 1.26 £ 0.03
3 6-10 years 25 4.2 + 0.6 89.2 +1.1 1.01 £ 0.025
4 Up to 10 years 21 5.1 £ 0.7 92.3+1.3 1.21 £ 0.05
Total, mean + standard 100 4.1 £ 0.6 90.4 + 1.5 1.21 + 0.036
deviation

The smallest increase in lactic acid was observed in workers with the length of
service of up to 3 years. The resulting value was 30% higher than for the control
group (P < 0.001). In people having the length of service of 3-5 years and more than
10 years, the contents of lactic acid increased by 54 and 60% as compared to the
control group.

Evidence shows that accumulation of lactic acid is caused by strenuous work.
In addition, lactic acid accumulates under hypoxic conditions, which develop due to
unfavorable production factors. In these circumstances, the breakdown of glucose
and glycogen switches to anaerobic glycolysis and glycogenolysis. The latter causes
an increase in lactic acid.

Carbohydrate metabolism tests on workers holding the main positions at UK
TMP, JSC (Table 12 and Figure 6) demonstrated that glucose levels were within the
normal range. In contrast to the control group, there was an insignificant increasing
tendency among workers in workshop No. 1 and an insignificant decreasing tendency
among workers in workshops No. 2 and 3.
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Table 12. Carbohydrate metabolism in workers holding the main positions at UK
TMP, JSC (distribution by workshops).

Blood tests

No. Workers N Glucose aeld - -
pyruvic lactic
mmol/L pmol/L
1 Workshop No. 1 50 4.7 £ 0.4 120 £ 2.5% 2.0 £ 0.03xxx
2 Workshop No. 2 65 3.9 £ 0.1°° 115 £ 2.0 1.96 £ 0.02%
3 Workshop No. 3 72 3.8+ 0.3 105 £ 1.2xx 1.88 £ 0.01%
4 Control group 100 4.1 £ 0.6 90.4 £ 1.5 1.21 £ 0.036

Note: xx - p < 0.01; xxx - p < 0.001 as compared to the control group (Table 12); oo - p < 0.01, intergroup comparison

The blood levels of pyruvic acid were significantly increased in workers in all
workshops. However, the biggest increase was reported for workshop No. 1, where
pyruvic acid increased by 32% (P < 0.001) as compared to the control group (90.4
+ 1.5 pmol/L). The increase in blood pyruvate levels was more moderate in workers
in workshop No. 2 (by 27%) and the most modest in workers in workshop No. 3 (by
16%) as compared to the control group (P < 0.001 and P < 0.01).
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40%
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‘ @ puryvic acid lactic acid ‘

Figure 6. Increase and decrease (+, -) in carbohydrate metabolism in
workers holding the main positions at UK TMP, JSC (distribution by
workshops).

The blood contents of lactic acid were significantly increased in workers in all
workshops. Workshops No. 1 and 2 had a 65 and 62% increase as compared to the
control group, and workshop No. 3 had a 55% increase.

DISCUSSION

The morbidity pattern of titanium production workers often includes such
diseases as bronchitis, pneumonia, laryngotracheitis, myositis, skin and
subcutaneous tissue diseases, nervous system diseases (Hou et al., 2019; Liu et al.,
2010; Acar et al., 2015). Chronic dust bronchitis and pneumoconiosis have been
diagnosed in workers who are exposed to TiO2 dust and Ti. Exposition to toxic
chemicals (TiC14, HC1, CI2, etc.) leads to chronic toxic pneumosclerosis caused by
chronic bronchitis (Coccini et al., 2015; Lammel et al., 2019). The results allowed
the researchers to identify the changes occurring at the level of biochemical
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processes, carbohydrate and nitrogen metabolism. These changes were irreversible.
The results obtained in this study correlate closely with those of other scholars who
concluded that titanium oxide and other metals (indium, tin) oxides used in
nanomaterial development can cause significant oxidative DNA damage (Liou et al.,
2017).

Investigators are aware of the fact that titanium mono- and disulfide have weak
fibrogenic and systemic toxic effects (Biola-Clier et al., 2020). After intratracheal
delivery of sulfides, the experimental animals demonstrated an increase in the
activity of serum and liver aminotransferases, an increase in the activity of blood
cholinesterase, a change in the liver content of nucleic acids, and a change in the
kidneys and serum contents of urea (Behnam et al., 2018; Fujiwara et al., 2015).

Pathomorphological changes in the internal organs were characterized by the
signs of liver and kidneys parenchymal dystrophy (Leppdnen et al., 2011; Wu
et al., 2021). A moderate inflammatory proliferative response occurred within the
interalveolar septa, at the sites of dust particles localization (Ermakov et al., 2021).
The results of the experiment designed to identify impaired lipid oxidation among 80
workers (who were involved in the production of nanomaterials from titanium
dioxide, silicon, carbon tubes) and members of the control group (office workers)
showed that the most toxic effect was produced by titanium dioxide. An increased
urine content of toxicants was recorded. The above was confirmed by the data
obtained in the described experiment for a group of laboratory animals and for
workers involved in titanium production.

The experiment performed on rabbits suggests that titanium dioxide causes
dysfunction of various organs and systems. Besides, it changes the activities of
multiple enzymes, such as aldolase, cholinesterase, alkaline phosphatase, aspartate
aminotransferase, and alanine aminotransferase. These effects were seen when
rabbits were exposed to titanium dioxide alone and in combination with other
elements (zinc, lead, iron, arsenic, antimony, copper, fluorine, cadmium) (Fujiwara
et al., 2015).

The experiment on animals indicates that titanium dioxide and titanium metal
dust can cause changes both in the lung tissue and bronchial lymph nodes. 6-8
months after intratracheal delivery of titanium dioxide dust, white rats exerted a
proliferative cellular response at the sites of dust accumulations and hyperplastic
lymphoid follicles around the bronchi. These data coincide with previous findings -
other scholars have reported changes in carbohydrate metabolism induced by
titanium oxide (Shabbir et al., 2021). This study has supplemented the available
nitrogen metabolism data, as nitrogen metabolism was also seriously impaired in
laboratory animals.

The authors of this article found that workers holding the main positions at UK
TMP, JSC had their levels of glucose fluctuating within the control range. The data
obtained enabled the researchers to characterize the changes in carbohydrate
metabolism related to a number of production factors. At the same time, the study
is limited to titanium production, which is not the same as the production of other
metals, technologically. Therefore, the present findings cannot be applied to other
types of metallurgy.

CONCLUSION

The experiment involving titanium and magnesium production operators
revealed that the first changes in nitrogen metabolism occur after 2 weeks of
exposure. Changes in carbohydrate metabolism were identified and confirmed.
Significant changes in nitrogen and carbohydrate metabolism were recorded at weeks
4 and 12. All these changes were indicative of the toxic production.

Increased nitrogen metabolism (a 20% increase in creatinine) suggests kidney
damage. Highest priority tests for adaptive changes performed among workers at UK
TMP can be recommended as instruments for routine check-ups. They will help
identify risk groups and develop early measures (hygienic and medical) for disease
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prevention. The present findings are universal and can be used for comparison in
studies investigating the impact of titanium and its compounds in other regions.
Future research may focus on the effects of other toxic metals used in nanomaterial
production on human health. In addition, it is interesting to compare the effects of
titanium and its compounds at a metallurgical plant and at a plant specialized in
nanomaterial production. It is possible that keeping a group of laboratory animals
and assessing their state can be a reliable marker of the contamination levels at a
metallurgical enterprise.
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	Study design
	In-house research consists of two parts: (1) an experiment on sexually mature Wister albino mice and (2) an examination of human participants who work in the main workshops at the Ust-Kamenogorsk Titanium and Magnesium Plant (UK TMP, JSC) in Kazakhsta...
	In Soviet times, despite the existing labor standards, pollution prevention was not carried out adequately. There were no treatment facilities and workers did not always receive bonus payments for difficult production conditions and overalls. So far, ...
	The nature of pathological changes in the body of animals exposed to a combination of toxic gases and dust (titanium dioxide powder, titanium metal dust, titanium tetrachloride and its hydrolysis products, chlorine and phosgene) was determined experim...
	Sample
	Experimental animals were placed inside the three main workshops (workshops No. 1, 2, and 3) of UK TMP, JSC. They were kept in specially tailored cages, each housing 25-26 animals. The cages were installed at the level of the human respiratory organs....
	A total of 430 workers in the main workshops at the UK TMP, JSC were examined. The control group consisted of 100 workers in the administrative and economic department, where no occupational hazards were present. The participating workers were full-ti...
	The workers were divided into four groups based on their length of service (Table 1): those who have been working at the plant for less than 3 years, 3 to 5 years, 6 to 10 years and more than 10 years.
	Table 1. Distribution of the examined workers by the length of service (as a percentage and absolute number).
	Study sample consisted of workers holding the following main positions: chlorinator operators, electrolysis operators, machine operators in titanium production, smelters, cutters, mill operators, furnace operators, and chlorine distillation operators ...
	Table 2. Distribution of workers by positions (UK TMP, JSC)
	Workers were employed at the following main workshops (Table 3): magnesium production workshop or workshop No. 1; titanium tetrachloride production workshop or workshop No. 2; and titanium sponge production workshop or workshop No. 3.
	Table 3. Distribution of workers by workshops (UK TMP, JSC).
	Research methods
	Non-protein nitrogen compounds in blood. The content of urea was determined by the diacetyl monoxime method (Fearon’s reaction).
	Residual nitrogen was determined by colorimetry. The method mineralizes the protein-free filtrate obtained after blood protein precipitation when heated with concentrated sulfuric acid in the presence of a catalyst.
	The levels of serum creatinine were assessed according to Popper et al. The principle of the method is the following: in alkaline medium, creatinine forms a complex with picric acid. The intensity of its color is proportional to the amount of creatini...
	Indicators of connective tissue metabolism
	The content of hydroxyproline (Hyp) was determined by studying the excretions in 24-hour urine samples. The results were evaluated according to the calibration curve (Table 4).
	Table 4. Determination of urinary hydroxyproline levels.
	To plot the graph, a series of solutions was prepared. A certain amount of a hydroxyproline working standard was sequentially introduced into each prepared solution.
	Carbohydrate metabolism
	Determination of blood glucose was performed with an automatic biochemical analyzer Cobas integra-400 plus using reagent kits from Lachema. Determination was based on the Gultman method modified by Hivarinena-Nikkila.
	Blood pyruvic acid was determined using the modified Umbright method. The content of lactic acid was measured enzymologically based on the amount of NAD H2.
	Statistical data analysis was carried out in Statistics 10. The Student's t-test was used to compare the values of the variables. Differences are considered significant at P ≤ 0.05.
	RESULTS
	Adaptive responses and metabolic processes in laboratory animals placed under conditions of the plant
	The following nitrogen compounds were determined in blood: residual nitrogen, urea, and creatinine. Hydroxyproline was determined as an indicator of the connective tissue biochemistry.
	In workshop No. 1, residual nitrogen increased moderately by 11% after 2 weeks, by 12% after 4 weeks, and by 11% after 12 weeks as compared to the control group. Thus, the levels of residual nitrogen reached 18.9 ± 0.5, 19.3 ± 0.5 and 20.1 ± 0.4 mmol/...
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