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SUMMARY
We previously observed that nicotine, administered to rats (Wistar) during pregnancy and lactation periods, provokes, in the pro-

geny, late morphofunctional alterations in Leydig cell, body weight increase in adulthood (90 days post partum, dpp) as well as semi-

niferous epithelium injury. Aiming to investigate whether the spermatogenic damage previously observed in adult progenies from

pregnant and lactating nicotine-exposed rat dams are maintained or whether it is worsened in older rats, we analyzed the morpho-

logical testicular alterations after up to two complete periods of spermatogenesis (53 days each), spermatic parameters, and sperm

DNA fragmentation. Pregnant and lactating rats were nicotine-exposed (2 mg/kg/day) through an osmotic minipump implanted on

the first day of pregnancy and replaced after birth. Absolute Control (no minipump) and Sham Control (minipump without nicotine)

groups were established. The offspring were killed at 90, 143, and 196 dpp. Significant alterations in morphometric and stereological

testicular parameters, such as concentration of sperm number, daily sperm production, and plasma and intratesticular levels of

cholesterol and testosterone were not observed in nicotine-exposed rats. Testicular histopathological analysis showed small intraep-

ithelial vacuolization and an accentuated germ cell desquamation in exposed rats. However, the offspring from nicotine-exposed

dams exhibited higher frequency of morphologically abnormal spermatozoa and lower sperm motility in comparison with control

groups. In addition, nicotine-exposed groups showed a significant reduction in sperm mitochondrial activity and an increased sperm

DNA fragmentation (Comet assay). These results indicate a late reproductive damage in the male progeny caused by maternal nico-

tine exposure, related to the decrease in sperm quality.

INTRODUCTION
The human fertility potential has been depreciated because of

exposure to pollutants, changes in lifestyle, and xenobiotics

(Arabi, 2004). In this context, male infertility accounts for 40% of

infertility problems (Agarwal et al., 2008). Because spermatogen-

esis involves several steps such as mitosis, meiosis, differentia-

tion, and maturation, the male germinal lineage cells are highly

susceptible to endogenous and exogenous agents (Zenzes, 2000).

In addition, the complex regulation of spermatogenesis by endo-

crine and testicular paracrine/autocrine factors (Huleihel &

Lunenfeld, 2004) makes the reproduction vulnerable to

disruption.

Around one-third of the world0s population smokes regularly

(World Health Organization, 2010). Moreover, clinical studies

have revealed that 10.4% of women report smoking during preg-

nancy in United States (Martin et al., 2010). In the United States,

the prevalence of smoking 3 months before pregnancy has not

changed since 2000 (23%). However, a statistically significant

decrease in the prevalence of smoking during the last 3 months

of pregnancy (from 13.3 to 12.3%) and during the 4 months after

delivery (from 18.6 to 17.2%) was noticed. In addition, other

countries have reported similar declining rates of smoking dur-

ing pregnancy over the past 20 years. On the other hand, certain

populations still have very high prenatal and postnatal smoking

rates (reviewed by Meernik & Goldstein, 2015).

Cigarette tobacco has more than 4000 chemicals and around

60 carcinogens, according to the International Agency for

Research on Cancer – IARC, 2004). Nicotine, a very toxic alkaloid,
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is one of the major hazardous components of tobacco and is

responsible for most of the deleterious effects caused by cigar-

ettes. This is an important subject to be considered because

nicotine can adversely cause deleterious effects on the organism,

affecting health in several ways including alterations in the fertil-

ity of both men and women, in gestation, and in embryo devel-

opment. Indeed, nicotine is responsible for many harmful

effects of cigarette smoking on reproductive health (Zenzes,

2000).

The toxicity caused by nicotine on the spermatozoa arises not

only from testicular damage but also from injury on the epi-

didymis, which could reduce the number of mature spermato-

zoa and increase the percentage of immature forms. It is also

well known that nicotine harmfully affects sperm quality param-

eters in humans and rats exposed to this xenobiotic during

adulthood (Sofikitis et al., 1995; Arabi, 2004; Ravnborg et al.,

2011).

Several studies have emphasized the relationship between

nicotine and male reproductive damage in adulthood (Sofikitis

et al., 1995). Conversely, experimental studies focusing on the

impact of nicotine exposure during pregnancy and lactation on

the late reproductive function and fertility of the male progenies

are scarce (Lagunov et al., 2011; Sobinoff et al., 2014). Because

of its high lipid solubility, nicotine is absorbed by the pregnant

mother, as reported in human and animal studies, and readily

crosses the placental tissue into the bloodstream of the fetus

(Shea & Steiner, 2008). Recent studies showed that maternal

nicotine exposure during pregnancy and lactation can induce

structural changes in either the testis or epididymis of the male

offspring (Lagunov et al., 2011), as well as changes in somatic

and germ cell epigenome (Leslie, 2013). In a previous study per-

formed by our group, we observed that nicotine, when adminis-

tered in rats during whole pregnancy and lactation periods,

provokes morphofunctional alterations in Leydig cells and body

weight increase in adulthood (90 days post partum, dpp) as well

as an increase in cholesterol and testosterone plasma levels

(Paccola et al., 2014). High levels of intratesticular testosterone

and an accentuated sloughing of germ cells into the lumen were

observed by Narayana et al. (2005) in rats after treatment with

methyl parathion. Thus, we decided to investigate whether high

plasmatic testosterone levels are still maintained in older off-

spring from nicotine-exposed rat dams as well as whether the

intratesticular fluid (ITF) testosterone levels are changed, and

accompanied by relevant alterations in spermatogenesis.

We proposed to investigate whether the alterations in testos-

terone levels would occur for longer periods in the nicotine-

exposed offspring and whether a relevant spermatogenetic dam-

age would also take place in these older rats. In addition, we

investigated the impact of this possible damage on the produc-

tion and quality of spermatozoa. Thus, to better scrutinize this

reproductive damage, we evaluated sperm quantitative and

qualitative parameters as well as intratesticular and plasmatic

cholesterol levels.

To simulate the usual exposure of pregnant and lactating

smoking women, nicotine was chronically administered during

pregnancy and breastfeeding using suitable methodology.

MATERIAL AND METHODS
The experimental protocol followed the ethical principles

adopted by the Brazilian College of Animal Experimentation and

it was approved by the Institutional Ethics Committee (protocol

number 077/2012).

Animals

Female (n = 36) and male (n = 18) Wistar rats were housed in

polypropylene cages under controlled conditions: hygiene, pho-

toperiod (12 h light/dark cycle), humidity (50%–60%), and tem-

perature (22–23 °C). They had free access to tap water and

commercial laboratory chow (Nuvilab CR1, Nuvital Nutrientes,

Brazil). Female rats in estrous and pro-estrous were mated over-

night with males (two females per male); in the following morn-

ing, vaginal smears were examined for the presence of

spermatozoa and when spermatozoa were present, this day was

defined as the first day of pregnancy. The pregnant rats were

housed individually and observed daily for delivery. From the

progenies obtained, six newborn rats (preferentially males) were

kept with their dams throughout the breastfeeding period to

obtain better and equal feeding for all litters. After weaning

(21 days), the male offspring were maintained in the cages (four

per cage) at the same controlled conditions.

Experimental protocol

The rat dams were randomly distributed into three groups

(n = 12): Absolute Control (AC), no minipump implanted; Sham

Control (SC), minipump implanted only with bacteriostatic

water (Abbott Laboratories, Illinois, USA) and Nicotine-exposure

group (Ni), in which a minipump filled with a dose of nicotine

(Sigma–Aldrich Co, St. Louis, MO, USA) sufficient to release

2 mg/kg/day for 28 days was fixed; nicotine was dissolved in

bacteriostatic water (Abbott Laboratories). This dosage corre-

sponds to the daily human consumption of one packet (20 cigar-

ettes) per day and is equivalent to the human moderate daily

consumption (Roy et al., 2002). To this end, on the first day of

pregnancy, Ni and SC group animals were anesthetized with

ketamine–xylazine (100 mg/kg of body weight) before the sub-

cutaneous implantation of the osmotic minipump (2ML4, Alzet,

Cupertino, CA, USA) in the middle of the backside of the body of

each rat. It was replaced with a new nicotine-filled osmotic

minipump (Ni group) just after birth and removed at the wean-

ing day (21st dpp) (Paccola et al., 2014). Thus, the progenies of

each group were redistributed into subgroups according to the

following euthanasia ages: 90 dpp (young adult rats), 143 dpp

and 196 dpp (adult rats), that is, after, respectively, one and two

complete periods of spermatogenesis in Wistar rats (around 53

days – one period).

Blood collection and histological procedures

At the ages previously specified, the rats were weighed and

submitted to euthanasia through CO2 inhalation. Heparin (130

UI/kg, Clexane, Sanofi Winthrop Industrie, Maisons-Alfort,

France) was administered 10 min before the euthanasia. Blood

of the rats was collected from the inferior vena cava and plasma

separated and stored at �20 °C for further hormonal analyses.

The testes and epidydimides were removed and weighed. The

volume of testes (Vt) was determined according to the Scherle’s

method (Scherle, 1970). In sequence, the left testis was ade-

quately fixed by immersion in Bouin’s liquid, according to the

procedures of Russell et al. (1990), for 48 h and processed for

histopathological analysis. To this end, specific fragments of the

left testis were paraffin-embedded (P-3683, Sigma Chemical Co.,
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St. Louis, MO, USA). Two non-consecutive isotropic 4-lm-thick

testicular sections (Mandarim-de-Lacerda, 2003) per rat (10

cross sections of same thickness aside from each other) were

submitted to the periodic acid-Schiff histochemical method with

Harris’s hematoxylin counterstaining (PAS + H).

Testicular morphometric and stereological analysis

The diameter of androgen-dependent tubules (stages VII and

VIII) and the seminiferous epithelium height were determined

by direct measurement utilizing the Leica QWin V3 (Leica Cam-

brige, UK) image analysis system coupled to an Olympus BX-50

light microscope (Tokyo, Japan). Fifty seminiferous tubule cross

sections per testis (4lm-thick) were measured at 209 magnifica-

tion. When the sections were lightly oblique, only the minor axis

was considered to measure the tubular diameter (Miraglia &

Hayashi, 1993). The stereological testicular analyses consisted in

determining the volume density (Vv) and volume (V) of the sem-

iniferous epithelium (lumen excluded), interstitial tissue, and

lymphatic space. To calculate the volume densities, 30 fields per

testis were systematically randomly sampled using an integrat-

ing ocular lens with 25 points connected to a light microscope

(Weibel, 1963; Miraglia & Hayashi, 1993), at 1009 magnification.

For this parameter, two non-consecutive cross sections (10 cross

sections of the same thickness aside from each other) per animal

were analyzed (30 fields per animal); the total number of points

counted for each animal was 750. As volume density is expressed

in percentage, the volume of the main testicular components

could be obtained using these stereological data because we also

had the total volume of the testes (see section: Blood collection

and histological procedures). Thus, the volumes of the seminif-

erous epithelium, interstitial tissue, and lymphatic space were

estimated by multiplying the respective volume density (in per-

centage) by the testis total volume and dividing each result by

100.

Histopathological analysis

Histopathological analysis of the testicular sections (4lm-

thick) from the left testes of the subgroups at 143 and 196 dpp

was performed under a light microscope. Two non-consecutive

testicular sections (Mandarim-de-Lacerda, 2003) were analyzed

per animal and scrutinized using a binocular light microscope

(Bx51; Olympus) under 409 and 1009 magnifications. Thus, the

histopathological alterations in the seminiferous epithelium

were categorized and the images captured using an image analy-

sis system (Leica Qwin-V3, Leica�; Cambridge, UK) coupled to

the light microscope (Bx 51; Olympus), at 109 and 409 magnifi-

cations. Analysis and calculation of the frequency of seminifer-

ous tubule sections with sloughed epithelial cells (germ and

Sertoli cells) into the lumen were performed on the testicular

sections (4lm-thick) stained by the PAS + H histochemical

method. All sections of seminiferous tubules containing cells

inside the lumen (which were not spermatozoa) were computed.

We only included cross sections whose tubular lumen was well

defined.

Enumeration of sperm number and daily sperm production

Homogenization-resistant testicular spermatids (step 19) and

spermatozoa were, respectively, collected from right testes and

caput/corpus and cauda of the right epididymides for counting,

as previously described (Robb et al., 1978). The testis and

epididymal sperm number were expressed by organ and gram of

organ. Daily sperm production (DSP) was obtained by dividing

the total number of homogenization-resistant spermatids per

testis by 6.1 days, as this is the length of time for which sper-

matids are kept in the seminiferous epithelium during its cycle

(Robb et al., 1978). The sperm transit time through the portions

of the epididymis was determined by dividing the number of

spermatozoa in each portion by the DSP (Robb et al., 1978).

Sperm morphology

Sperm samples were obtained from the cauda of the left epi-

didymis of all subgroups. Samples of 2 lL of the epididymal fluid

were homogenized in 2 mL of bidistilled water. One drop of the

solution was smeared onto a glass slide and air-dried. The

smears were stained by the Shorr/hematoxylin method. For

morphological evaluation, 200 spermatozoa were randomly ana-

lyzed and the percentage of abnormal spermatozoa was

obtained. The classification of morphological abnormalities con-

sisting of the head and tail of the spermatozoa was performed

according to the modified descriptions, based on Filler (1993)

and on the World Health Organization (WHO, 2010), adapted for

the experimental model used. The abnormal characteristics con-

sidered were as follows: (i) shape of spermatozoa head; (ii)

defects in tails; (iii) multiple abnormalities.

Sperm motility

Sperm motility parameters of the right epididymis were ana-

lyzed using the Computer-Assisted Sperm Analysis (CASA) sys-

tem, according to the modified methodology previously

described (Klinefelter et al., 1991). Quickly, the cauda of the epi-

didymis collected and punctured was introduced into 2 mL of

Hank’s balanced salt solution (HBSS) supplemented with 2.0

g/L bovine serum albumin, pH 7.3, maintained at 37 °C. The
sperm suspension media were maintained at 37 °C for 30 min to

homogeneously distribute spermatozoa in the media; an aliquot

of the suspension was drawn by capillary action into a pre-

warmed chamber slide with a depth of 100 lm (LEJA Standart

Count, Nieuw-Vennep, the Netherlands). The slides containing

the spermatozoa were placed into a Hamilton Thorne Integrated

Visual Optical System (HTM-IVOS, Hamilton-Thron Research,

Inc., Beverly, MA, USA) with a software, which is specific for rat

sperm analyses (Toxicology System, version 12, USA). Motility

parameters observed were as follows: percentage of motile sper-

matozoa, curvilinear velocity (VCL), average path velocity (VAP),

straight-line velocity (VSL), amplitude of lateral head displace-

ment (ALH), beat cross frequency (BCF), linearity (LIN), and

straightness (STR).

Sperm mitochondrial activity

Sperm mitochondrial activity was analyzed using the method

proposed by Hrudka (1987), based on the oxidation of 3,3-di-

aminobenzidine (DAB) by cytochrome c-oxidase, through a

chain reaction in which the reagent is polymerized and depos-

ited in the midpiece of the spermatozoa. Initially, 50 mL of the

sample collected from the left epididymis was added to 100 mL

of a solution containing 1 mg/mL of DAB diluted in phosphate-

buffered saline and incubated for 1 h at 37 °C. After the incuba-

tion period, smears were then prepared on microscope slides

and air-dried. The slides were fixed in 10% formaldehyde for

5 min, washed, and air-dried again. A total of 200 spermatozoa
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were counted at 1009 magnification, using a differential inter-

ference contrast Olympus BX-51TF microscope; male gametes

were classified as class I (100% of the midpiece was stained),

class II (more than 50% of the midpiece was stained), class III

(less than 50% of the midpiece was stained), or class IV (absence

of staining in the midpiece).

Sperm DNA fragmentation

Sperm nuclear DNA fragmentation was evaluated by Comet

assay as previously described (Codrington et al., 2004) with

some minor changes. To assess single and double-stranded DNA

breaks, sperm samples were thawed at 37 °C for 2 min in a water

bath and diluted in pre-warmed (37 °C) 0.5% low melting point

(LMP) agarose (LGC Laboratories, Sao Paulo, Brazil) at a concen-

tration of 4 9 106 cells/mL. The solution (125 lL) was placed on

slides pre-coated with 1.5% normal melting point agarose (LGC

Laboratories); cover slips were used to flatten the LMP agarose

containing the spermatozoa and the slides were stored at 4 °C
for 15 min. To avoid further damage to the sperm DNA, the fol-

lowing steps were carried out in the dark. First, each slide was

covered with 1.5 mL of pre-chilled lysis buffer (2.5 M NaCl,

100 mM EDTA and 10 mM Tris–HCl; final pH 10) containing 10%

dimethylsulfoxide, 1% Triton X-100 and 40 mM dithiothreitol

under 4 °C for 1 h. After washing the slides with distilled water

(dH2O), a second lysis buffer, pre-warmed (37 °C) and contain-

ing proteinase K (0.1 mg/mL), was used to cover the slides for

2 h and 30 min in a 37 °C incubator. The slides containing the

spermatozoa were then gently washed in chilled dH2O and cov-

ered with freshly prepared alkaline solution (1 mM EDTA and

0.05 M NaOH, pH 12.1) for 45 min. In sequence, the slides were

washed twice with Tris/borate/EDTA (TBE) buffer (0.89 M Tris,

0.89 M boric acid and 0.5 M EDTA, pH 8) and then placed inside

a horizontal electrophoresis box filled with TBE buffer, where

they were submitted to electrophoresis at 1.4 V/cm for 25 min.

Finally, the slides were fixed in pre-chilled 70% alcohol, air-

dried, and stored in the dark until analysis. On the day of analy-

sis, the slides were stained with ethidium bromide (20 mg/mL in

dH2O; 1.5 mL/slide) under an epifluorescence microscope

(Nikon Eclipse CI; Nikon, Tokyo, Japan); 50 cells were analyzed

per slide (two slides/animal) using the specific image analysis

system for Comet assay (LUCIA Comet Assay, v.7.02.00, Praha,

Czech Republic). The following parameters were analyzed: tail

DNA (%), tail length (lm), tail moment (tail length 9 tail DNA%

/100) and Olive Tail moment (Olive et al., 1991; Vendramini

et al., 2014).

Plasmatic and intratesticular testosterone and cholesterol

levels

The plasma and ITF testosterone levels were obtained from

rats at 143 and 196 dpp. Once the plasma testosterone level at

90 dpp was previously obtained by our group (Paccola et al.,

2014). So, at the time of euthanasia, the male offspring were

anesthetized with sodium thiopental (89 mg/kg; Thiopentax,

Crist�alia Produtos Qu�ımicos e Farmacêuticos Ltda., Itapira, SP,

Brazil). Heparin (100 IU/kg of body weight, Clexane, Sanofi Win-

throp Industrie) was administered 10 min before the euthanasia,

for obtaining adequate volumes of blood and ITF. The left testis

of these animals (n = 14) was quickly removed and prepared for

extraction of ITF, which was collected according to the method

described by Rehnberg (1993). The fluid obtained was

centrifuged at 4 °C (model 5430R; Eppendorf, Hamburg, Ger-

many) and stored at �20 °C for subsequent dosages of testos-

terone and cholesterol. Blood was collected from the inferior

vena cava and the plasma was separated and also stored at

�20 °C for further hormonal analyses. Thereafter, the animals

were killed by rupture of this vein. Plasmatic and ITF testos-

terone levels were determined by the radioimmunoassay

method using the Coat-A-/ucodep>Count Total Testosterone kit

(Siemens, Los Angeles, CA, USA). In sequence, the values were

obtained using a radiation accountant (Cobra II, auto-gamma;

Packard Instrument Company, Downers Grove, IL, USA). The

sensitivity of the testosterone kit was 4 ng/dL. The plasmatic

and intratesticular cholesterol levels were obtained by enzymatic

methodology using a Cholesterol Liquiform Kit (Labtest, Lagoa

Santa, MG, Brazil). The values were read at 402 nm utilizing

APOLO-LB-912 (Berthold Technologies, Bad Wildbad, Germany)

coupled to a Mikro Win 2000 System. Analytical sensitivity of the

cholesterol kit was 1.04 mg/dL.

Statistical analysis

The data were submitted to statistical tests using SigmaPlot

software 12.0 (Systat Software Inc., San Jose, CA, USA). Data

obtained from the treated and control groups were compared

using one-way ANOVA parametric test followed by the post hoc

Student–Newman–Keuls multiple comparison test, if necessary,

or the Kruskal–Wallis non-parametric test followed by the post

hoc Dunn’s test. Differences were considered statistically signifi-

cant when p ≤ 0.05.

RESULTS

Biometric analysis: body weight, absolute and relative weights

of the testis and epididymis and testicular volume

At three different ages studied, significant alterations in the

body weight, testicular volume as well as of testis and epi-

didymis absolute and relative weights did not occur in rats of the

nicotine-exposed subgroups (Ni90, Ni143, Ni196) in comparison

with the Absolute Control (AC90, AC143, AC196) and Sham Con-

trol (SC90, SC143, SC196) subgroups (Table 1).

Histopathological analysis

The AC and SC groups showed normal histological characteris-

tics of the seminiferous epithelium at 143 and 196 dpp. On the

other hand, rats of the Ni143 and Ni196 subgroups showed

intense desquamation of the seminiferous epithelium resulting

in cellular debris and large quantity of germinal lineage cells,

mainly primary spematocytes and round spermatids detached

into the tubular lumen (Figs 1 and 2). The quantification of tubu-

lar sections with epithelial cell desquamation (germ cells and

Sertoli cell nuclei) into the lumen of the rats at 143 and 196 dpp

was assessed in all groups. Regarding this issue, there was an evi-

dent increase in the frequency of cellular desquamation in the

N143 and N196 subgroups in comparison with those observed in

control subgroups at the corresponding ages (Table 2).

Morphometric analysis: seminiferous epithelium height and

androgen-dependent tubular diameter

Seminiferous epithelium height and tubular diameter of

androgen-dependent tubule sections (stages VII and VIII) did

not show significant statistical differences (Table S1) in
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comparison with the respective Absolute and Sham Control sub-

groups, at the three ages studied.

Stereological testicular analysis

The volume density (Vv) and the volume (V) of testicular

components (seminiferous epithelium, interstitial tissue, lym-

phatic space) did not show significant alterations in rats of

the nicotine-exposed subgroups at 90, 143, and 196 dpp com-

pared with the control subgroups at the corresponding ages

(Table S2).

Sperm quantitative analysis

The quantitative sperm parameters did not change signifi-

cantly among the groups at all ages studied. The count of mature

spermatids (step 19), the DSP per testis as well the sperm num-

ber and transit time through the epididymal caput/corpus and

cauda did not vary significantly when nicotine-exposed sub-

groups (Ni90, Ni143, Ni196) were compared with the Absolute

Control and Sham Control subgroups at the three respective

ages (Tables 3 and 4).

Sperm qualitative analysis

Nicotine exposure during pregnancy and lactation provoked a

significant (p ≤ 0.05) decrease in sperm quality parameters at

90, 143, and 196 dpp compared with the AC and SC Control

groups at the respective ages.

Sperm morphology

The abnormalities of the sperm head and tail (Table 5;

Fig. 3A–P) were significantly (p ≤ 0.05) more frequent in the

nicotine-exposed rats and this phenomenon was observed in the

offspring at 90, 143, and 196 dpp. However, backward bent

sperm head (Table 5; Fig. 3A) and detached sperm head

(Table 5; Fig. 3B) were observed (p ≤ 0.05) only in the Ni90 sub-

group. Spermatozoa with multiple abnormalities were also more

numerous in the nicotine subgroups (90, 143, and 196 dpp)

when compared with the AC and SC groups of the same

ages (Table 5; Fig. 3J–P). Thus, a slower significant (p ≤ 0.05)

frequency of morphologically normal spermatozoa was noted in

nicotine-exposed rats at all ages studied compared with the

respective control rats (Fig. 3Q).

Sperm motility (CASA)

The results of the analysis of the sperm motility parameters

are displayed in Table 6. The Ni90, Ni143, and Ni196 subgroups

showed a significant (p ≤ 0.05) decrease in the percentage of

motile spermatozoa in comparison with the control subgroups

(from AC and SC groups) at the corresponding ages. In addition,

Ni90 rats displayed a significant (p ≤ 0.05) decrease in three

sperm vigor parameters (VCL, ALH, and BCF) and two sperm

progression parameters (VAP and VSL). In addition, Ni143 and

Ni196 rats also demonstrated a significant (p ≤ 0.05) decline in

two vigor parameters (ALH and BCF) (Table 6).

Sperm mitochondrial activity (DAB)

The DAB reaction for mitochondrial activity showed statisti-

cally significant (p ≤ 0.05) alterations among AC, SC, and Ni

groups at 90, 143, and 196 dpp. These changes were observed at

all levels of classification evaluated: classes I, II, III, and IV

(Table 7; Fig. S1A).

Sperm DNA fragmentation (Comet assay)

The nicotine-exposed group also exhibited a higher signifi-

cantly (p ≤ 0.05) percentage of sperm nuclear DNA fragmenta-

tion (Table 8, Fig. S1B) as regards the percentage of tail DNA

and the tail length of the Comet and consequently, an increase

in the tail extent moment at 90, 143, and 196 dpp.

Plasma and intratesticular levels of cholesterol and testosterone

The plasma and intratesticular levels of cholesterol (Fig. 4A–B)

and testosterone (Fig. 4C–D) did not vary significantly in the

nicotine subgroups (Ni143 and Ni196) in comparison with their

respective control subgroups.

DISCUSSION
Placenta provides a gateway to oxygen and nutrients from

mother to fetus, produces hormones to support the pregnancy

and serves as an excretion pathway for various metabolites; it

Table 1 Body weight and male reproductive organ weights of rats pertaining to the Absolute Control (AC), Sham Control (SC), and Nicotine (Ni) groups,

at 90, 143, and 196 dpp

Parameters Subgroups (n = 14)

AC90 SC90 Ni90 AC143 SC143 Ni143 AC196 SC196 Ni196

Body

weight (g)

370.4 � 43.3 379.3 � 30.9 371.3 � 22.9 468.8 � 41.9 469.8 � 49.5 460.2 � 54.0 482.2 � 42.3 490.1 � 44.6 490.6 � 50.1

Absolute

testis

weight (g)

1.70 � 0.12 1.66 � 0.05 1.65 � 0.06 1.81 � 0.10 1.84 � 0.06 1.78 � 0.10 1.84 � 0.08 1.76 � 0.09 1.79 � 0.06

Relative testis

weight

(g/100 g)

0.450 � 0.03 0.465 � 0.05 0.444 � 0.03 0.399 � 0.04 0.396 � 0.04 0.390 � 0.04 0.376 � 0.02 0.352 � 0.03 0.362 � 0.03

Absolute

epididymis

weight (mg)

648.3 � 56.0 611.6 � 31.2 641.4 � 36.7 704.0 � 38.0 697.0 � 53.6 689.2 � 3.8 716.0 � 56.9 680.0 � 38.9 715.0 � 29.5

Relative

epididymis

weight

(mg/100 g)

170.6 � 10.2 167.1 � 20.5 169.3 � 13.3 151.2 � 15.8 152.2 � 14.3 151.7 � 20.2 146.3 � 9.5 142.7 � 10.0 145.4 � 14.8

Values are expressed in mean � standard deviation (SD). ANOVA test: no significant differences were observed.
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plays an important role in the exposure of the fetus to potential

toxicants via maternal circulation (Myllynen & V€ah€akangas,

2013). Nicotine rapidly crosses the placental membrane into the

fetal bloodstream (Lips et al., 2005), the blood–testis barrier

(Zenzes, 2000), and is present in breast milk of nicotine-exposed

rats (Paccola et al., 2014). The decrease in blood flow and the

increase in vascular resistance caused by nicotine deprive the

fetus of nutrients and oxygen, creating a state of hypoxia and

malnutrition, thereby affecting fetal development (Shea & Stei-

ner, 2008). There are overwhelming lines of evidence indicating

that nicotine has an unfavorable impact on fertility but the

mechanisms involved in spermatogenesis alterations are com-

plex. Reduction in the Sertoli-cell-specific desert hedgehog gene

expression may be part of a mechanism linking maternal gesta-

tional smoking with an increased incidence of impaired repro-

ductive development in male offspring (Fowler et al., 2008). In

addition, a Sertoli cell dysfunction and a compromised sper-

matogonial stem cell population have been observed in adult off-

spring from smoking-exposed mouse dams (Sobinoff et al., 2014).

As previously commented, the current experimental model

attempts to simulate the nicotine exposure experienced by preg-

nant and lactating smoking women. However, the rat dams were

only exposed to Ni from the first day of pregnancy; thus, the pre-

sent research does not mimic the human situation because

mothers rarely start smoking during pregnancy. Considering all

these background data, we studied the adverse effects on male

reproduction of offspring from nicotine-exposed rat dams

throughout pregnancy and lactation. We observed that nicotine

exposure had a negative late impact on sperm qualitative param-

eters of the offspring. It is known that measurements of nicotine

and cotinine in amniotic fluid and fetal plasma have indicated

that the fetus is actually exposed to higher nicotine concentra-

tions than the smoking mother (Luck et al., 1985).

Because in this study only rat dams (generation 0) were

exposed to nicotine during pregnancy and breastfeeding and

their progeny (F1 generation) had the quality of spermatozoa

significantly altered in both early and late adulthood, we should

reflect about the possible epigenetic mechanisms involved,

although we have not studied them. There is strong evidence

that miRNAs play an important role in male germ cell develop-

ment, regulating mitosis, meiosis, spermiogenesis, and modulat-

ing the self-renewal and differentiation of spermatogonial stem

cells in rodents (reviewed by Yao et al., 2015). Concerning this,

Rehan et al. (2012) commented that the germ line epigenetic

marks imposed by nicotine exposure during pregnancy can

become permanently programmed and transferred through the

cell lineage to the subsequent generations. This is an interesting

matter that deserves further investigation considering the immi-

nent impact on the general and reproductive health of the pro-

geny (first generation) of smoker couples. On the other hand, the

toxic effect of nicotine in vitro on spermatozoa of normal non-

smoker donors was also observed. The most common alteration

(A) (B)

(C) (D)

Figure 1 Photomicrographs of testicular sec-

tions of 143 dpp rats submitted to the periodic

acid-Schiff histochemical method and counter-

stained with Harris’s hematoxylin (PAS + H).

Observe the normal morphology of the seminif-

erous epithelium of rats from AC143 (A) and

SC143 (B) subgroups, respectively. Bar: 32 lm.

In the testicular section of the Ni143 rat, note

the large quantity of germinal lineage cells in

the tubular lumen (asterisk – C), including round

spermatids (arrowheads – D), primary spermato-

cytes (thin arrows – D), and cells in degenera-

tion (thick arrows – D). Bar: 37 lm and 16 lm,

respectively.
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was the decrease in motility parameters (Reddy et al., 1995; Con-

dorelli et al., 2013; Oyeyipo et al., 2014). However, increase in

the occurrence of late apoptotic spermatozoa with altered chro-

matin compactness or DNA fragmentation (Condorelli et al.,

2013), reduced sperm viability (Condorelli et al., 2013; Oyeyipo

et al., 2014), and premature induction of the acrosome reaction

(Oyeyipo et al., 2014) have also been described in this type of

experiment. Toxicants (such as nicotine) may directly or indi-

rectly target the DNA through oxidative stress (OS) and DNA

strand breaks, which are observed in mature spermatozoa; this

might injure mitotic spermatogonia or meiotic germ cells, as

well as post-meiotic spermatids undergoing spermiogenesis (re-

viewed by Delb�es et al., 2010). In addition, protamine deficiency,

increased reactive oxygen species (ROS) production and abortive

apoptosis are known to cause sperm DNA damage (Zini et al.,

2014). Overall, DNA damage in spermatozoa can occur during

either the production or the transport of sperm cells (Sakkas &

Alvarez, 2010).

Studies in vitro have focused on the toxic effects of nicotine. In

this study, albeit we must also consider this aspect, the sperm

quality alteration observed at adulthood, in different ages (F1

generation was not directly exposed to Ni), also suggests a geno-

toxic effect as previously commented. There is a positive associ-

ation between heavy paternal smoking and generation of

oxidative DNA damage in the germ line, with suppression of

antioxidant mechanisms in seminal plasma (reviewed by Aitken

& Roman, 2008). The data from the current research reinforce

that nicotine seems to be toxic and genotoxic and suggest that it

probably induces ROS production, as observed by Al-Malki &

Moselhy (2013). Although substantial evidence indicates that

small amounts of ROS are necessary for spermatozoa to acquire

fertilizing capabilities, the excess of ROS causes DNA damage in

the form of modification of all bases, production of base free

sites, deletions, DNA cross-link, and chromosomal

(A) (B)

(C)

(D)

(E)

Figure 2 Photomicrographs of tubular sections

of 196 dpp rats submitted to the periodic acid-

Schiff histochemical method and counterstained

with Harris’s hematoxylin (PAS + H). Seminifer-

ous tubule sections of AC196 (A) and SC196 (B)

rats, respectively, showing organized seminifer-

ous epithelium containing various cell types

until round and elongated spermatids. Bar:

70 lm in both. Note the large quantity of cellu-

lar debris and germinal lineage cells in the tubu-

lar lumen (asterisks) and the absence of germ

cells resulting in partial depletion of the seminif-

erous epithelium (arrows) of a Ni196 rat (C).

Bar: 70 lm. Observe, in detail (D), the large

quantity of germinal lineage cells in the tubular

lumen, including degenerating cells (dotted

arrow), round spermatids (arrowheads), primary

spermatocyte (thin arrow), and Sertoli cell nuclei

(thick arrows). Bar: 11 lm. Note the absence of

germinal lineage cells resulting in partial deple-

tion of the seminiferous epithelium (arrows – E).

Bar: 23 lm.

Table 2 Frequency (%) of seminiferous tubule sections with sloughing of

epithelial cells, observed in adults rats pertaining to the Absolute Control

(AC), Sham Control (SC), and Nicotine (Ni) groups, at 90, 143, and

196 dpp

Subgroups Frequency of tubular sections with epithelial cell sloughing (%)

(n = 6) 90 dpp 143 dpp 196 dpp

AC – 3.82 (2.79–4.31) 2.3 (1.79–2.84)
SC – 5.07 (2.83–5.26) 2.93 (2.64–3.93)
Ni – 13.27 (10.47–16.50)a 8.62 (7.23–17.24)b

Values are expressed in median and interquartile ranges (Q1–Q3); Kruskal–Wallis

test and Dunn’s test: aNi143 > AC143 and SC143; bNi196 > AC196 and SC196

(p ≤ 0.05).
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rearrangements; OS is also associated with high frequencies of

single and double-stranded DNA breaks and gene mutations. In

addition, the overproduction of ROS initiates many oxidative

reactions that lead to OS resulting in damage of not only the

basic constitutive molecules (cellular proteins and lipids) but

also mitochondrial and nuclear DNA, ultimately facilitating an

altered sperm function (Simmons et al., 2005; Colley et al.,

2013). In the present work, increased sperm nuclear DNA frag-

mentation was observed in nicotine-exposed offspring at differ-

ent ages; so, we suppose that this occurrence should be

associated with changes in the early stages of germinal lineage;

however, we did not evaluate the level of ROS, neither in the

blood nor in the testis. Some studies have shown that nicotine

may have a direct cytotoxic effect on spermatozoa through DNA

damage (Jana et al., 2010). Conversely, the germ cells were

exposed to nicotine during intrauterine life and lactation and

there was no direct exposure of the offspring to nicotine. Sobi-

noff et al. (2014) described that male offspring of mice show

gonocyte apoptosis, reduced spermatogonial stem cells, meiotic

germ cell apoptosis, abnormal Sertoli cell formation, impaired

seminiferous tubule organization and germ cell development

after maternal smoke exposure during pregnancy and lactation.

The outcome was compromised adult sperm production/func-

tion, decreased male fertility, and a suggestive high DNA dam-

age. The extension of DNA fragmentation might also be an

indicative assessment in unexplained infertility (Sepaniak et al.,

2006). As commented by Sobinoff et al., (2012), the persistence

of increased DNA damage in adult offspring, as observed in this

study, suggests continued vulnerability of germinal cells during

spermatogenesis. Indeed, low sperm quality observed after

exposure to nicotine has not ceased for a long time. Significant

re-arrangements of the testicular mitochondrial genome could

lead to significant alterations in mitochondrial function/energy

production and OS, resulting in continued DNA damage long

after maternal exposure to nicotine (Sobinoff et al., 2014).

Besides, further causes of the enhanced DNA damage may

involve other components of cigarette smoke that can become

highly reactive originating compounds and molecular adducts

with DNA (Sobinoff et al., 2012).

In the current research, there was a reduction in motility and

mitochondrial activity and an increased frequency of spermato-

zoa with tail abnormalities in all nicotine-exposed rat offspring,

Table 3 Spermatic quantitative parameters in rats at 90, 143, and 196 dpp, pertaining to the Absolute Control (AC), Sham Control (SC), and Nicotine (Ni)

groups

Parameters Subgroups (n = 6)

AC90 SC90 Ni90 AC143 SC143 Ni143 AC196 SC196 Ni196

Step 19 spermatid count in

the testis (9106/organ)

62.8

(54.1–82.3)
60.8

(46.6–83.6)
59.6

(50.9–70.0)
95.3

(84.6–116.7)
100.5

(71.6–120.4)
91.9

(73.4–126.0)
99.0

(88.8–124.7)
99.1

(82.5–130.1)
83.1

(66.3–106.6)
Relative step19 spermatid

count in the testis

(9106/g of organ)

71.4

(41.4–80.7)
52.7

(39.1–71.8)
57.5

(45.7–76.9)
66.1

(51.5–75.9)
70.0

(50.8–75.7)
62.9

(51.1–75.1)
65.6

(53.5–83.6)
66.9

(50.0–83.2)
53.2

(41.7–72.1)

Daily sperm production

(9106/testis/day)

10.3

(8.9–13.5)
10.0

(7.6–13.7)
9.75

(8.3–11.5)
15.6

(13.8–19.1)
16.5

(11.7–19.7)
15.0

(12.0–20.6)
16.2

(14.6–20.4)
16.2

(13.5–21.3)
13.6

(10.8–17.5)

Values are expressed in median and interquartile ranges (Q1–Q3). Kruskal–Wallis test. No significant differences were observed.

Table 4 Spermatic quantitative parameters in rats at 90, 143, and 196 dpp, pertaining to the Absolute Control (AC), Sham Control (SC), and Nicotine (Ni)

groups

Parameters Subgroups (n = 6)

AC90 SC90 Ni90 AC143 SC143 Ni143 AC196 SC196 Ni196

Sperm count in

the epididymal

caput/corpus

(9106/organ)

61.2

(53.8–72.0)
60.1

(52.2–72.3)
60.8

(53.3–67.7)
98.8

(87.7–106.1)
77.9

(73.2–87.0)
82.4

(50.7–99.0)
102.2

(94.4–115.5)
103.3

(89.9–109.2)
89.0

(82.8–99.1)

Relative sperm

count in the

epididymal

caput/corpus

(9106/g of organ)

240.5

(208.5–325.5)
291.3

(234.1–312.8)
240.0

(231.6–275.0)
277.5

(246.9–295.0)
242.5

(217.5–257.5)
226.3

(215.0–243.8)
272.5

(260.5–277.5)
284.5

(248.8–298.4)
240.6

(226.7–264.6)

Sperm count in the

epididymal cauda

(9106/organ)

97.9

(63.7–124.0)
98.5

(79.2–112.3)
74.4

(52.4–92.3)
150.2

(138.8–157.3)
129.2

(120.7–162.5)
118.1

(98.0–139.5)
141.0

(131.3–158.8)
165.0

(148.2–168.0)
151.5

(134.8–152.4)

Relative sperm

count in the

epididymal cauda

(9106/g of organ)

532.5

(468.7–562.5)
622.5

(506.2–670.0)
520.0

(500.0–553.7)
525.0

(508.7–590.0)
472.5

(440.6–540.6)
478.7

(416.2–519.3)
517.5

(442.5–600.0)
550.0

(543.7–576.2)
482.5

(442.5–511.2)

Sperm transit time

in the epididymal

caput/corpus (days)

10.6

(6.0–19.6)
11.0

(7.3–18.2)
10.0

(8.3–12.0)
8.1

(5.2–10.3)
8.6

(5.9–11.0)
7.5

(6.5–9.6)
9.1

(7.5–11.2)
6.0

(5.6–9.8)
10.0

(7.3–13.9)

Sperm transit time

in the epididymal

cauda (days)

5.4

(4.3–9.3)
7.4

(4.5–11.6)
6.9

(5.5–9.7)
6.5

(4.3–7.0)
5.2

(3.4–6.3)
5.8

(5.3–6.2)
5.8

(4.5–6.8)
5.4

(3.9–7.1)
7.0

(5.0–8.8)

Values are expressed in median and interquartile ranges (Q1–Q3). Kruskal–Wallis test. No significant differences were observed.
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at 90, 143, and 196 dpp. All the alterations related to sperm

motility observed here may be involved with a reduction in the

expression of genes that participate in flagellum development

and/or the other features linked to motility effectiveness (Miki

et al., 2002; Sobinoff et al., 2014). According to Ballinger et al.

(1996), optimal mitochondrial function is essential for fertility as

spermatozoa require energy for surviving and for their motility;

besides, even throughout germ cell maturation, the harmful

action of nicotine on mitochondrial DNA may also be responsi-

ble for the abnormal functioning of sperm mitochondrial struc-

tures. Conversely, studies have found that mitochondria-derived

ATP is not crucial for sperm motility, as glycolysis is the main

mechanism utilized for acquiring energy and motility. Thus, the

role of mitochondria in sperm function might be predominantly

related to other physiological aspects (Amaral et al., 2013). How-

ever, it seems that there is no final conclusion about the energy

source of sperm motility, that is, oxidative phosphorylation or

glycolysis. In addition, as previously commented, it has been

suggested that small quantities of mitochondrial ROS are impor-

tant for spermatozoa to acquire fertilizing competence (Piom-

boni et al., 2012). The appropriate mitochondrial functionality

has been associated with the sustenance of motility, extended to

the hyperactivation as well as to the strictly associated phe-

nomenon of sperm capacitation (Amaral et al., 2013). Besides,

mitochondria are the main source of ROS produced by sperma-

tozoa, notably via the formation of superoxide in the electron

transfer chain, although NADPH oxidase may also be an addi-

tional source. Considering that damage produced by ROS can

occur during germ cell development and even though mitochon-

dria are compartmentalized organelles, an increased ROS pro-

duction has been associated with sperm mitochondrial

membrane permeabilization, which is accompanied by mito-

chondrial membrane potential dissipation, uncoupling of oxida-

tive phosphorylation, failure to synthesize ATP and OS,

culminating in oxidative DNA adduct formation, DNA strand

breakage, and cell death (Oyeyipo et al., 2011; Aitken et al., 2012;

Galluzzi et al., 2012; Marchetti et al., 2012; Abdul-Ghani et al.,

2014; La Maestra et al., 2015; Yousefniapasha et al., 2015). Treu-

len et al. (2015) proposed that the mitochondrial permeability

transition, because of pores opening in sperm inner mitochon-

drial membrane, is an important mechanism of ROS overpro-

duction and DNA fragmentation.

Different from the qualitative parameters, our results showed

that maternal nicotine exposure did not cause significant quan-

titative alterations in spermatozoa from the different epididymal

segments. On the contrary, Sobinoff et al. (2014) observed a

reduction in sperm counts in adult offspring of smoke-exposed

mouse; however, they carried out the experiment using maternal

smoking starting 6 weeks before pregnancy. Lagunov et al.

(2011) administered nicotine to rat dams daily, for 2 weeks prior

to mating until weaning by the subcutaneous route; in sequence,

they studied sperm quantitative parameters in the offspring but

they did not evaluate qualitative parameters. As previously com-

mented, in the current experiment we established an experimen-

tal model to simulate the situation of a moderate habitual

smoker (one pack of cigarettes per day) (Roy et al., 2002; Paccola

et al., 2014). However, although we have used a different

methodology from Lagunov and collaborators relating to nico-

tine administration, we did not find results different from their

results concerning some sperm quantitative parameters of the

progenies in adulthood.

In the present research, nicotine-exposed rats during the

intrauterine and lactation phases showed some disturbances in

spermatogenesis at the 143 and 196 dpp. In an ongoing study,

our group observed in 90 dpp rats, which were nicotine-exposed

to conditions similar in this study, a very high frequency of semi-

niferous tubule sections containing a large quantity of desqua-

mated cells that almost filled their lumen. Whether this damage

was transitory or not will be the subject of future research. Alter-

ations in spermatogenesis after nicotine exposure were also

observed by Lagunov et al. (2011). In this study, the negative

impact of nicotine on the integrity of the seminiferous epithe-

lium in offspring probably involved a causal relationship

between nicotine exposure of mothers and a significant repro-

ductive damage, even after one or up to two completed periods

of spermatogenesis. Surprisingly, the histological damage previ-

ously observed at 90 days of age was still maintained in late

adulthood (196 dpp). These detrimental effects are in accor-

dance with the sperm qualitative parameters that were impaired

in the nicotine-exposed group in comparison with the control

groups. It is possible that a morphofunctional alteration in Ser-

toli cells has occurred that could be the main cause of the accen-

tuated sloughing observed by us (Sobinoff et al., 2014; Paccola &

Miraglia, 2016).

Table 5 Frequency of sperm morphological abnormalities (%) in rats at 90, 143, and 196 dpp, pertaining to the Absolute Control (AC), Sham Control

(SC), and Nicotine (Ni) groups

Subgroups (n = 7) Morphological abnormalities of spermatozoa (%)

Head Tail Multiple

Banana-shaped Detached Backward bent Coiled Bent Broken Detached

AC90 1.0 (0.0–2.0) 1.0 (0.0–2.0) 3.0 (0.2–3.0) 2.0 (1.0–3.0) 0.0 (0.0–3.2) 3.0 (1.2–3.0) 2.0 (1.2–3.7) 0.0 (0.0–0.0)
SC90 1.0 (0.0–2.0) 0.0 (0.0–1.0) 2.0 (2.0–3.0) 2.0 (1.0–3.0) 0.0 (0.0–1.0) 3.0 (2.0–4.0) 1.0 (0.0–1.0) 0.0 (0.0–1.0)
Ni90 5.0 (2.0–5.0)a 4.0 (3.0–4.0)a 6.0 (3.0–7.0)a 9.0 (6.0–9.0)a 1.0 (0.0–5.0) 6.0 (5.0–6.0)a 4.0 (2.0–8.0)a 1.0 (0.0–3.0)a

AC143 1.0 (1.0–3.5) 1.0 (0.0–2.0) 2.0 (0.0–3.0) 2.0 (1.0–6.0) 0.0 (0.0–0.2) 5.0 (2.0–6.0) 1.0 (0.0–2.0) 0.0 (0.0–1.0)
SC143 4.0 (2.0–4.0) 1.0 (0.7–2.5) 2.5 (1.0–4.0) 3.0 (1.7–5.7) 0.0 (0.0–0.5) 1.5 (1.0–5.2) 1.0 (0.0–2.0) 0.0 (0.0–0.0)
Ni143 7.0 (4.0–8.0)b 2.0 (1.0–5.2) 3.0 (2.0–4.0) 5.5 (4.0–9.0) 0.0 (0.0–0.7) 4.0 (3.0–7.7) 0.5 (0.0–5.0) 1.5 (0.5–3.0)b

AC196 5.0 (3.5–5.5) 0.0 (0.0–2.0) 4.0 (3.0–5.5) 4.0 (2.5–7.0) 0.0 (0.0–0.0) 3.0 (1.2–3.7) 0.0 (0.0–0.5) 0.0 (0.0–1.0)
SC196 4.0 (3.0–7.7) 1.0 (0.0–2.0) 2.5 (1.0–5.0) 3.5 (1.75–7.5) 0.0 (0.0–0.2) 3.0 (2.0–4.0) 0.5 (0.0–1.2) 0.0 (0.0–0.2)
Ni196 9.0 (6.0–11.0)c 1.0 (0.0–2.5) 3.0 (3.0–6.0) 5.0 (4.0–8.0) 0.0 (0.0–0.5) 7.0 (4.7–8.2)c 1.0 (0.0–2.5)c 2.0 (1.0–4.0)c

Values are expressed in median and interquartile ranges (Q1–Q3). Kruskal–Wallis one-way analysis of variance test and Dunn’s test: aNi90 > AC90 and SC90;
bNi143 > AC143 and SC143; cNi196 > AC196 and SC196 (p ≤ 0.05).
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Figure 3 Representative photomicrographs of sperm smear collected from epididymal cauda in nicotine-exposed rats, showing head abnormalities (thin

arrows) and tails abnormalities (thick arrows). Note a backward bent sperm head (A), sperm head detachment from its tail (B), banana-shaped head sper-

matozoa (C and D); and several changes in sperm tails as coiled tail (E), bent (E–H) and broken (I). Observe also the multiple alterations in sperm head and

tails (J–P). Bar = 20 lm. (Q) Frequency of spermatozoa with normal morphology (in percentage) of rats pertaining to the Absolute Control (AC), Sham Con-

trol (SC), and Nicotine (Ni) groups, at 90, 143, and 196 dpp. Values expressed in mean � SD; (n = 7). ANOVA test and post hoc Student–Newman–Keuls
test: *Ni90 < AC90 and SC90; Ni143 < AC143 and SC143; Ni196 < AC196 and SC196 (p < 0.001).
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In a previous study undertaken by us, an increase in the

plasma cholesterol and testosterone levels was observed in off-

spring (at 90 days of age) from rat dams exposed to nicotine dur-

ing pregnancy and breastfeeding (Paccola et al., 2014). It is

important to remind that Leydig cell steroidogenesis like sper-

matogenesis is also vulnerable to OS (Aitken & Roman, 2008).

Interestingly, the drop in cholesterol and testosterone levels was

not maintained throughout the ages, after, respectively, one and

two complete periods of spermatogenesis (143 and 196 dpp), as

shown in this study. Yamamoto et al. (1998) found no significant

alteration in the serum levels of testosterone in smoking-ex-

posed adult rats compared with control groups. Nevertheless, a

large number of studies seem to confirm the association

between smoking and disturbance of male reproductive hor-

mone levels (Kapoor & Jones, 2005), although showing conflict-

ing results. The variations among the reports may be because of

the different protocols used including the different exposure

phases of reproductive development. However, it is well known

that nicotine alters the endocrine system causing endocrine dis-

eases. Significant higher plasmatic levels of total and free testos-

terone and of LH have been noticed in male smokers. In

addition, testosterone, estradiol, and SHBG levels were higher in

current smoking post-menopausal women than in non-smokers;

after those women stopped smoking for a year, the levels of

Table 6 Sperm motion parameters (CASA HTM-IVOS) of rats pertaining to the Absolute Control (AC), Sham Control (SC), and Nicotine (Ni) groups at dif-

ferent ages

Parameters Subgroups (n = 6)

AC90 SC90 Ni90 AC143 SC143 Ni143 AC196 SC196 Ni196

Motility 98

(96.7–99.0)
97

(94.5–99.0)
77

(68.7–88.5)a
98.0

(97.5–99.0)
98.0

(97.5–99.2)
84.5

(79.0–90.0)b
81.5

(76.2–89.2)
81.5

(76.0–89.2)
59.0

(52.0–64.5)c

VAP (lm/s) 275.4

(252.8–284.0)
264.2

(244.4–284.0)
182.1

(161.5–206.8)a
224.0

(195.0–249.0)
220.0

(192.0–247.1)
213.8

(199.5–223.7)
269.4

(265.9–276.5)
268.0

(265.0–275.5)
255.0

(230.5–270.0)
VSL (lm/s) 207.5

(197.8–228.4)
207.4

(197.0–228.4)
159.4

(131.2–182.0)a
155.8

(143.2–188.9)
155.0

(143.0–186.0)
169.9

(165.8–183.3)
204.2

(199.2–207.3)
203.0

(198.0–206.1)
197.4

(175.1–211.9)
VCL (lm/s) 412.8

(371.9–422.0)
390.6

(329.4–420.0)
276.5

(237.9–295.0)a
330.9

(292.2–374.9)
333.8

(292.1–370.0)
300.1

(286.4–329.4)
435.1

(425.0–445.8)
435.3

(425.5–446.8)
430.3

(381.2–448.8)
ALH (lm) 14.2

(12.8–14.4)
14.2

(12.8–14.5)
10.8

(10.4–12.8)a
15.0

(13.7–16.1)
14.8

(13.7–15.3)
13.2

(9.8–14.0)b
15.0

(14.0–15.3)
14.8

(14.0–15.5)
12.4

(12.2–13.4)c

BCF (Hz) 11.9

(10.5–13.5)
12.0

(10.5–13.5)
9.2

(7.7–10.5)a
15.5

(13.6–17.2)
14.6

(12.9–17.2)
12.1

(10.5–13.2)b
10.7

(9.8–11.7)
10.7

(9.1–11.7)
8.5

(5.4–9.7)c

STR (%) 76.0

(72.7–76.5)
76.5

(74.2–76.5)
73.0

(68.0–79.0)
73.0

(72.7–74.5)
73.0

(72.5–74.5)
73.0

(71.5–74.7)
73.5

(72.7–74.7)
73.0

(72.0–74.5)
73.0

(72.7–75.5)
LIN (%) 54.0

(50.0–55.2)
54.0

(49.7–55.2)
55.5

(50.2–63.0)
51.0

(51.0–52.0)
51.5

(50.7–52.2)
52.5

(51.7–53.5)
49.0

(47.7–50.7)
49.0

(47.7–51.0)
48.0

(46.7–51.7)

Values are expressed in median and interquartile ranges (Q1–Q3); Kruskal–Wallis test and Dunn’s test: aNi90 < AC90 and SC90; bNi143 < AC143 and SC143;
cNi196 < AC196 and SC196 (p ≤ 0.05).

Table 7 Sperm mitochondrial activity in rats of the Absolute Control (AC), Sham Control (SC), and Nicotine (Ni) groups, at different ages

Classes Subgroups (n = 7)

AC90 SC90 Ni90 AC143 SC143 Ni143 AC196 SC196 Ni196

Class I 79 (77–81) 79 (78–81) 40 (35–42)a 80 (80–81) 78 (75–84) 32 (32–34)b 82 (79–84) 80 (76–84) 30 (24–38)c

Class II 18 (17–21) 18 (13–19) 41 (38–44)d 18 (17–20) 19 (14–22) 46 (45–49)e 15 (14–19) 18 (15–21) 48 (35–48)f

Class III 2 (2–3) 2 (1–4) 17 (11–20)d 2 (1–2) 2 (1–5) 16 (12–20)e 2 (2–3) 2 (1–3) 20 (16–25)f

Class IV 0 (0–0) 0 (0–1) 4 (2–5)d 0 (0–0) 0 (0–1) 5 (4–5)e 0 (0–1) 0 (0–1) 5 (2–6)f

Values are expressed in median and interquartile ranges (Q1–Q3); Kruskal–Wallis test and Dunn’s test: aNi90 < AC90 and SC90; bNi143 < AC143 and SC143;
cNi196 < AC196 and SC196 (p ≤ 0.05). dNi90 > AC90 and SC90; eNi143 > AC143 and SC143; fNi196 > AC196 and SC196 (p ≤ 0.05).

Table 8 Sperm DNA fragmentation (Comet assay) in rats of the Absolute Control (AC), Sham Control (SC), and Nicotine (Ni) groups, at different ages

Parameters Subgroups (n = 6)

AC90 SC90 Ni90 AC143 SC143 Ni143 AC196 SC196 Ni196

% Tail DNA 0.7

(0.3–0.9)
0.7

(0.3–1.0)
2.3

(1.6–2.8)a
0.6

(0.5–0.8)
0.7

(0.5–0.9)
3.2

(2.3–4.5)b
0.7

(0.4–1.2)
0.7

(0.4–1.1)
2.6

(2.2–3.9)c

Tail length (lm) 7.6

(4.6–8.3)
7.5

(4.5–8.2)
21.8

(15.9–29.9)a
7.4

(5.6–9.6)
7.3

(5.6–9.1)
26.8

(15.3–54.9)b
6.5

(5.6–9.1)
6.4

(5.5–9.2)
28.3

(17.7–36.8)c

Tail extent moment 0.06

(0.03–0.09)
0.06

(0.02–0.08)
0.67

(0.52–1.19)a
0.07

(0.05–0.12)
0.07

(0.04–0.13)
1.21

(0.55–3.45)b
0.07

(0.04–0.13)
0.07

(0.03–0.14)
0.98

(0.63–1.95)c

Olive Tail moment 0.12

(0.05––0.21)
0.11

(0.04–0.19)
0.29

(0.14–0.62)
0.11

(0.07–0.27)
0.12

(0.08–0.29)
0.58

(0.07–1.06)
0.10

(0.02–0.17)
0.11

(0.03–0.18)
0.32

(0.13–0.61)

Values are expressed in median and interquartile ranges (Q1–Q3). Kruskal–Wallis test and Dunn’s test: aNi90 > AC90 and SC90; bNi143 > AC143 and SC143;
cNi196 > AC196 and SC196 (p ≤ 0.05).
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estradiol and of total and free testosterone returned to those of

non-smokers (reviewed by Tweed et al., 2012). Nicotine also

inhibits pulsatile LH secretion in males, and the tolerance devel-

oped by nicotine exposure also disappears within a week of quit-

ting (Funabashi et al., 2005). Chronic exposure of female

offspring to the low dose of nicotine during lactation tended to

increase plasma LH levels at 20 and 40 days (Meyer & Carr,

1987). Considering these available data and taking into account

the increased testosterone plasma level occurred in male off-

spring at 90 dpp from nicotine-exposed rat dams (Paccola et al.,

2014), we suppose that nicotine has caused a transitory deregu-

lation of the hypothalamic–pituitary–thyroid axis (HPT) because,

in this study, the older adult rats did not show significant

changes in hormone level after maternal nicotine exposure;

besides, it is likely that this alteration occurred during lactation.

Indeed, relevant changes in the plasmatic testosterone level were

not observed in nicotine-exposed neonate and late pubertal rats

but it did in young adult rats (Paccola et al., 2014). Regarding the

possible HPT transitory deregulation, an exception must be con-

sidered because we studied the effect of nicotine in rats and

other available data are referring to the use of cigarette smoke in

humans. Alterations of the hormonal profile of gonadotropins in

offspring from nicotine-exposed dams were previously observed

by our group (Paccola & Miraglia, 2016).

In summary, our results indicate the occurrence of late repro-

ductive damage evidenced by a decrease in the sperm quality in

male progeny whose rat dams were exposed to nicotine during

pregnancy and breastfeeding. The complex mechanism by

which nicotine damages the male gonad puts nicotine as the

foremost reproductive risk factor. The reproductive damage pre-

sented here can be considered as another significant health risk

to the offspring from expectant smoking mothers. The ad libitum

use of nicotine replacement therapies may account for one-third

to two-thirds the concentration of Ni that is reached by cigarette

smoking, depending on the type of therapy. For instance, when

4 mg-nicotine gum is used, the nicotine level can exceed that

absorbed by smoking (reviewed by Hukkanen et al., 2005).

Moreover, nicotine is one of the major hazardous components

of tobacco (Zenzes, 2000). It crosses the placenta barrier and can

result in fetal concentrations that are 15% higher than maternal

concentrations (Lambers & Clark, 1996). Despite the well-docu-

mented benefits of smoking cessation, the efficacy and safety of

nicotine replacement therapy use for smoking cessation in preg-

nant women has not been clearly demonstrated (reviewed by De

Long et al., 2014). Similar to the findings of Leslie (2013), our

findings are also concerned about the safety of using nicotine

replacement therapy during pregnancy. The current results

point to the harmful effect of nicotine on not only the health and

now, on the quality of spermatozoa, but also on the general

reproductive health of the offspring of smoking mothers.
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