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Tobacco smoking is a common risk factor of cardiovascular diseases, cancers and heart health problems.
In Taif, the number of secondary polycythemia patients is increasing dramatically and most of those
patients are heavy smokers. Therefore, this study is an attempt to understand the pathophysiological
mechanism behind that problem. Whole blood and serum samples were collected from forty healthy peo-
ple and forty tobacco smokers, voluntary for this study. Complete blood counts revealed a significant
increase in the red blood cell count, hemoglobin concentrations, hematocrit and neutrophils with some
elevations in total white blood cells, lymphocytes and monocytes. Moreover, serum analysis of both ery-
thropoietin and interleukin-7 showed a significant reduction in their levels among smokers which were
about 35% and 65% respectively. Gene expression study showed a significant upregulation of RAG-1, RAG-
2 and EPOR-1 genes caused by tobacco smoking. In conclusion, data presented in the current study sug-
gest that tobacco smoking might cause alveolar tissue inflammation and vascular injury causing an
immune response that elevates the white blood cells count. Another suggestion is that tobacco smoking
defects the pulmonary gaseous exchange mechanism leading to the secondary polycythemia indicated by
the increase in red blood cell count, hemoglobin levels, hematocrit and by the low serum erythropoietin
levels.
� 2019 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tobacco smoking is a common risk factor of cardiovascular dis-
eases, cancers and heart health problems. Nowadays, the number
of smokers is increasing up among the population over the world.
In this habit, smokers are exposed to tens of toxic materials such as
carbon monoxide, hydrocarbons and nitrosamine compounds. In
Taif, the number of secondary polycythemia patients is increasing
dramatically and most of those patients are males and shared the
one fact that they are heavy smokers which raises very important
questions how and why?

Over more than fifty years researchers have been working hard
to answer these two questions properly. In 1978, Smith and Lan-
daw have reported an increase in red blood cell volume in a study
conducted on 22 smokers (Smith and Landaw, 1978). Another
study was published in 1982 showed a strong relation between
cigarette smoking and secondary polycythemia (Calverley et al.,
1982). Aitchison and Russell have concluded that smoking under-
lies the incidence of secondary polycythemia in a study conducted
on 14 smokers (Aitchison and Russell, 1988). In the same context,
tobacco smoking is associated with high hemoglobin levels as a
positive feedback of hypoxia caused by carbon monoxide inhala-
tion and that may underlie the decrease of the erythropoietin
serum levels of smokers as negative feedback (Eisenga et al.,
2018; Singh et al., 2016; Tanabe et al., 1997).

Furthermore, chronic smoking has been found to be related to
persistent polyclonal B cell lymphocytosis (PPBL), for instance,
Dasanu CA and Codreanu I have reported that 29% of studied PPBL
cases were related to chronic smoking (Casassus et al., 1987;
Dasanu and Codreanu, 2012; Delannoy et al., 1993). These studies
have been supported by other reports that showed a decrease in
Interleukin-7 (IL-7) serum levels in smokers compared with
healthy individuals as negative feedback of lymphocytosis (Lehto
et al., 2010; Nakamura et al., 2014; Tymkiw et al., 2011). IL-7 is a
glycoprotein produced by different types of cells such as hepato-
cytes, keratinocytes, lymphocytes, dendritic cells and stromal cells
(Fry and Mackall, 2002; Lin et al., 2017). IL-7 has an essential role
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Table 1
Forward and reverse primers for EPOR-1,RAG-1,RAG-2and b-globin.

Gene Forward primer Reverse Primer

EPOR-1, 275 bp 50-CTA TGC CTG GAA GAG GAT GGA G-30 50-TGC GGA AAG TGT CAG CAG TG-30

RAG-1, 275 bp 50-ACA CCT CCA AAT ACC TCC AG-30 50-ATC TTA CTC CAA CCT ACC ACC-30

RAG-2, 209 bp 50-TCG CTG CAC AGA GAA AGA C-30 50-CAC ACC CAA ATT CAA AAT CCA C-30

b-globin,175 bp 50-CAA CTT CAT CCA CGT TCA CC-30 50-GAA GAG CCA AGG ACA GGT AC-30

Table 2
Complete Blood Counts (CBC).

Parameter Normal Individuals Tobacco smokers

WBCs 6.1 ± 0.24 � 103/mm3 7.1 ± 0.56 � 103/mm3

RBCs 5.66 ± 0.09 � 106/mm3 6.7 ± 0.15 � 106/mm3**

Hemoglobin 15.5 ± 0.18 g/dL 18.8 ± 0.19 g/dL**

HCT 47.67 ± 0.52% 57 ± 0.9%**

PLT 269 ± 10.05 � 103/mm3 299 ± 22.5 � 103/mm3

Neutrophils 2.9 ± 0.17 � 103/mm3 4 ± 0.5 � 103/mm3**

Lymphocytes 2.37 ± 0.11 � 103/mm3 2.2 ± 0.11 � 103/mm3

Monocyte 0.54 ± 0.02 � 103/mm3 0.55 ± 0.03 � 103/mm3

Eosinophils 0.17 ± 0.01 � 103/mm3 0.22 ± 0.03 � 103/mm3

Basophils 0.04 ± 0.003 � 103/mm3 0.07 ± 0.02 � 103/mm3

Values are means ± standard error of mean (SEM) for 40 normal individuals and 40
tobacco smokers.
** For values that are statistically significant (P < 0.05) corresponding to normal

participants.
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in lymphocyte maturation and pluripotency (Lin et al., 2017). IL-7
binds to a distinct tyrosine kinase receptor on lymphocytes pro-
genitors called IL-7 receptor (IL-7 R) and that binding, in turn, acti-
vates either JAK1 or JAK3 leading to the activation of some
downstream kinases such as STAT5a/b, PI3K and SRC (Johnson
et al., 2012). Ultimately, the signaling pathway triggered by IL-7
protects and activates two crucial targets playing a key role in
the maturation and proliferation of lymphocytes which are called
the recombination-activating genes 1 and 2 (RAG1 and RAG2)
(Fry and Mackall, 2002; Johnson et al., 2012; Lin et al., 2017).
Therefore, the current study is an attempt to understand the phys-
iological and genetic factors contribute to the secondary poly-
cythemia caused by chronic smoking.

2. Materials and methods

2.1. Materials

Serum erythropoietin and IL-7 ELISA estimation kits were pur-
chased from RayBiotech 3607 Parkway Lane, Suite 200 Peachtree
Corners, GA 30092, Atlanta, USA. RNA extraction and purification
kits were purchased from QIAGEN Inc. 19,300 Germantown Road
Germantown, MD 20874, USA.

2.2. Sample collection

Forty healthy people and forty tobacco smokers were partici-
pated in this study after signing the consent form and ethical
approval was obtained from the Professional and Research Ethics
Committee (PREC) at King Faisal Hospital in Taif. Three kinds of
samples were collected to complete this study. Whole blood sam-
ples were collected on EDTA for Complete Blood Count (CBC), fresh
whole blood samples were collected from the participants and RNA
was extracted immediately using RNA extraction and purification
kit and serums were collected and frozen at �20 �C for the ELISA
investigations.

2.3. CBC and serum analysis

Complete blood counts were conducted using a fully automated
blood counter (Sysmex XN-1000 Hematology analyzer). Serum
analysis of erythropoietin and IL-7 were conducted using the ELISA
commercial kits purchased from RayBiotech.

2.4. Gene expression study

Total RNA was extracted using an intended commercial kit pur-
chased from QIAGEN Inc. Fresh whole blood samples were col-
lected in the presence of heparin. 1.2 ml of the whole blood
sample was used as a starting volume. Then total RNA extraction
and purification were conducted via following the protocol pro-
vided with the kit. Total RNAs yields were estimated spectrophoto-
metrically using the Bio-Rad spectrophotometer. The integrity of
yields was confirmed electrophoretically in 1.5% denaturated agar-
ose gel stained with ethidium bromide. The cDNA was formed by
mixing 5 mg of the total RNA with 0.5 ng oligo dT primer (Qiagen
Valencia, CA, USA) in a sterilized DEPC water for a total volume
of 11 ml. The mixture was incubated in the thermal cycler for
5 min at 70 �C for denaturation. For reverse transcription, samples
were mixed 10 mM dNTPs and 100 U Moloney Murine Leukemia
Virus (M-MuLV) reverse transcriptase (SibEnzyme. Ak, Novosi-
birsk, Russia) in a 10X RT-buffer, and incubated in the thermal
cycler at 37 �C for 60 min and then at 90 �C for 10 min to inactivate
the enzyme. PCR was carried out in a final volume of 25 ml contain-
ing 1 ml cDNA, 1 ml of 10 pM of each primer forward and reverse
(Table 1), and 12.5 ml PCR master mix provided from Promega Cor-
poration, Madison, WI, USA. The reaction was conducted in a ther-
mal cycler at 94 �C for 5 min for the first cycle and followed by 27
cycles in which one minute at 94 �C for denaturation, one minute
at 54 �C for annealing and one minute at 72 �C for extension with
an additional 10 min at 72 �C for the final extension. Herein,
human beta globulin mRNA was used as a reference gene. The
PCR products were run on 2% agarose gel stained with ethidium
bromide. PCR products were visualized and documented by a gel
documentation system and the intensity of bands was estimated
by Image J software version 1.47 (http://imagej.en.softonic.com/).

2.5. Statistical analysis

Data are represented as means ± standard error of means (SEM).
Data presented in this study were analyzed via the 2-ways ANOVA
(analysis of variance) and the post hoc descriptive tests using SPSS
software for Windows. The p values that <0.05 were considered
statistically significant.
3. Results

3.1. Tobacco smoking increases complete blood counts and related
measurements

Table 2 shows that tobacco smoking significantly elevates the
red blood cells, hemoglobin, hematocrit and neutrophil counts in
which p values <0.05 corresponding to nonsmoking participants.
Besides, platelets and white blood cell counts are higher in tobacco
smokers compared with the nonsmokers as shown in Table 2.
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Fig. 2. Effect of tobacco smoking on the expression of EPOR-1 gene. (a) elec-
trophoretic emigration picture of the expression of EPOR-1 gene and b-globulin as a
control gene. (b) Densitometric analysis of emigrated bands. * indicated P
value < 0.05.
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3.2. Tobacco smoking reduces cytokines related to blood generation

Serum analysis of erythropoietin clarified significant reduction
levels in tobacco smokers about 35% compared with the nonsmok-
ers as shown in Fig. 1(a). Similarly, serum levels of interleukine-7
(IL-7) were significantly reduced in tobacco smokers which for
about 65% compared to the nonsmokers (Fig. 1(b)).

3.3. Effects of tobacco smoking on EPOR-1, RAG-1 and RAG-2
expression

As seen in Fig. 2 tobacco smoking, significantly, induces upreg-
ulation of the gene of erythropoietin receptor-1 (EPOR-1) to 50%
more. A similar effect was observed when study both RAG-1 and
RAG-2 genes as shown in Figs. 3 and 4 respectively.

4. Discussion

Nowadays, tobacco smoking is implicated in many chronic and
acute diseases such as atherosclerosis, heart attack and cancers.
Recently, Michael Fricker and his colleagues have reported that
tobacco smoking causes systemic hypoxia (Fricker et al., 2018). A
similar conclusion has been published by E. Ferrer, et al in seven
years back (Ferrer et al., 2011). In 1973, Arthur L. Sagone Jr. and
his group have reported that tobacco smoking reduces tissue oxy-
gen supply and they found significant elevations in hemoglobin,
red blood cell counts, hematocrit and red cell mass among smokers
compared to non-smokers (Sagone et al., 1973). The current study
is consistent with those reports and several others whereas Table 2
presented a significant increase in red blood cell counts, hemat-
ocrit, and hemoglobin levels in which p values were <0.05 com-
pared to the non-smokers. These data suggest an increase in
bone marrow activity to avoid the hypoxia induced by smoking.
Besides, erythropoietin is another cytokine released from the kid-
ney to stimulate red blood cell production. Several studies have
demonstrated that smoking decreases the serum levels of erythro-
poietin as a result of the negative feedback of hemoglobin and red
blood cells increase (Eisenga et al., 2018; Singh et al., 2016; Tanabe
et al., 1997). The current study has shown a significant reduction in
erythropoietin levels in smokers serums compared to the non-
smokers which are consistent with those studies. However, Fig. 2
shows an increase in the expression of mRNA of erythropoietin
receptor in smokers which clarifies the molecular principle of the
increase of red blood cell count and hemoglobin levels presented
in Table 2 and that might be positive feedback of the low serum
erythropoietin levels shown in Fig. 2. These data are nicely consis-
tent with some previously published work (de La Chapelle et al.,
1993; Hämäläinen et al., 2012; Izzotti et al., 2003).

Moreover, the whole blood analysis of both participated groups
revealed an elevation in white blood cell counts and differential in
smokers and that elevation was statistically significant in
Fig. 1. Effect of tobacco smoking on examined serum cytokines levels. (a) Serum erythrop
** indicated P value < 0.05.
neutrophil counts as shown in Table 2. These findings are highly
consistent with several published studies (Higuchi et al., 2016;
Schwartz and Weiss, 1991, 1994; Stemmelin et al., 2004). In fact,
several reports emphasized that tobacco smoking causes vascular
injury which in turn elevates inflammatory markers and leukocyte
counts and that may interpret the neutrophil count increase in
smokers as found in this study (Lee et al., 2012; ‘‘Smoking and
inflammation,” 2005; Tibuakuu et al., 2017).

In a related context, the recombination-activating genes 1 and 2
(RAG1 and RAG2) are key proteins for maturation and proliferation
of the lymphocytes. Delannoy and his colleagues have reported a
link between the chronic polyclonal b- cell lymphocytosis and
cigarette smoking (Delannoy et al., 1993). That report is supported
by other studies concluded that tobacco smoking is associated with
either monoclonal or polyclonal lymphocytosis (Casassus et al.,
1987; Dasanu, 2013; Dasanu and Codreanu, 2012). In the current
study, the genetic expression investigation on both RAG1 and
RAG2 genes was striking when showed a significant increase in
the mRNA expression of both genes in tobacco smokers compared
to the non-smokers as shown in Figs. 3 and 4. These results are
nicely fit the leukocyte counts shown in Table 2 and adding further
support to the idea of the association between tobacco smoking
oietin levels in mIU/ml. (b) Serum IL-7 levels in ng/L. Data presented in mean ± SEM.



Fig. 3. Effect of tobacco smoking on the expression of RAG-1 gene. (a) elec-
trophoretic emigration picture of the expression of RAG-1 gene and b-globulin as a
control gene. (b) Densitometric analysis of emigrated bands. * indicated P
value < 0.05.

Fig. 4. Effect of tobacco smoking on the expression of RAG-2 gene. (a) elec-
trophoretic emigration picture of the expression of RAG-2 gene and b-globulin as a
control gene. (b) Densitometric analysis of emigrated bands. * indicated P
value < 0.05.
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and lymphocytosis. IL-7 is an important cytokine released from the
stromal cells in the bone marrow to regulate b-cell development.
However, IL-7 downregulates the expression of both RAG1 and
RAG2 genes (Amin and Schlissel, 2008; Johnson et al., 2008; Ye
and Graf, 2007). Fig. 2(b) clearly shows that the serum levels of
IL-7 in smokers are significantly lower than in non-smokers which
clarifies how the expression of these genes among smokers is
increased.
5. Conclusion

In conclusion, data presented in this study suggest that tobacco
smoking can cause inflammatory conditions in either alveolar tis-
sues or vascular injury leading to an immune response indicated
by leukocytosis and lymphopoiesis. Furthermore, smoking is lead-
ing to secondary polycythemia that diagnosed via the increase of
the red blood cell count, hemoglobin levels, the expression of the
EPOR gene and the low serum erythropoietin levels depending
on several published references.
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