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Abstract: A m i n o g u a n i d i n e is a selective i n h i b i t o r of the i n d u c i b l e n i t r i c o x i d e synthase ( i N O S ) a n d a 

scavenger of reactive o x y g e n species (ROS). N u m e r o u s studies have s h o w n the ant iox idant propert ies 

of a m i n o g u a n i d i n e i n s e v e r a l c e l l l i n e s , b u t the i n v i t r o effects of th is c o m p o u n d o n s p e r m a t o z o a 

u n d e r o x i d a t i v e stress are u n k n o w n . I n this s t u d y , w e tested the h y p o t h e s i s that a m i n o g u a n i d i n e 

m a y protect against the de t r i menta l effects of o x i d a t i v e stress i n boar spermatozoa . For this p u r p o s e , 

s p e r m s a m p l e s w e r e i n c u b a t e d w i t h a R O S g e n e r a t i n g s y s t e m ( F e 2 + / a s c o r b a t e ) w i t h or w i t h o u t 

a m i n o g u a n i d i n e s u p p l e m e n t a t i o n (10 ,1 , a n d 0.1 m M ) . O u r resul ts s h o w that a m i n o g u a n i d i n e has 

p o w e r f u l a n t i o x i d a n t c a p a c i t y a n d protects b o a r s p e r m a t o z o a agains t the d e l e t e r i o u s effects of 

o x i d a t i v e stress. A f t e r 2 h a n d 3.5 h of s p e r m i n c u b a t i o n , the samples treated w i t h a m i n o g u a n i d i n e 

s h o w e d a s igni f i cant increase i n s p e r m veloc i ty , p l a s m a m e m b r a n e a n d acrosome in tegr i ty together 

w i t h a r e d u c e d l i p i d p e r o x i d a t i o n i n c o m p a r i s o n w i t h c o n t r o l s a m p l e s (p < 0.001). I n t e r e s t i n g l y 

except for the l eve l s of m a l o n d i a l d e h y d e , the s a m p l e s treated w i t h 1 m M a m i n o g u a n i d i n e d i d n o t 

di f fer or s h o w e d better p e r f o r m a n c e t h a n contro l samples w i t h o u t F e 2 + / a s c o r b a t e . T h e results f r o m 

this s t u d y p r o v i d e n e w i n s i g h t s i n t o the a p p l i c a t i o n of a m i n o g u a n i d i n e as a n i n v i t r o therapeut i c 

agent against the d e t r i m e n t a l effects of o x i d a t i v e stress i n s e m e n samples . 

Keywords: a n t i o x i d a n t capaci ty ; l i p i d p e r o x i d a t i o n ; n i t r i c o x i d e ; o x i d a t i v e stress; s p e r m v e l o c i t y 

1. Introduction 

O x i d a t i v e stress arises w h e n the p r o d u c t i o n of the react ive o x y g e n species (ROS) o v e r w h e l m s 

the i n t r i n s i c a n t i o x i d a n t defense of a b i o l o g i c a l s y s t e m , l e a d i n g to c e l l d a m a g e a n d d e a t h [1]. A s a 

result of their metabol ic act ivity, cells n o r m a l l y p r o d u c e R O S , w h i c h are also r e q u i r e d at certain levels 

for processes , s u c h as c e l l s i g n a l i n g , m i t o c h o n d r i a l f u n c t i o n , a n d i m m u n e response [2-4]. S e v e r a l 

factors (e.g., age, cigarette s m o k e , a n d i o n i z i n g r a d i a t i o n ) a n d p a t h o l o g i c a l c o n d i t i o n s (e.g., cancer, 

diabetes, a n d infections) can also increase the a m o u n t of R O S to be above p h y s i o l o g i c a l levels , l e a d i n g 

to o x i d a t i v e stress. A c r o s s ce l ls , s p e r m a t o z o a are p a r t i c u l a r l y suscept ib le to the d a m a g e c a u s e d 

b y o x i d a t i v e stress d u e to the h i g h content of p o l y u n s a t u r a t e d fat ty a c i d s i n the i r m e m b r a n e s a n d 

their l i m i t e d a n t i o x i d a n t defence [5-7]. D e s p i t e ce r ta in l eve l s of R O S b e i n g r e q u i r e d for n o r m a l 

s p e r m f u n c t i o n , their o v e r p r o d u c t i o n (due to p a t h o l o g i c a l c o n d i t i o n s , semen h a n d l i n g a n d storage) is 

d e t r i m e n t a l for m a l e fe r t i l i ty b o t h i n h u m a n s [8,9] a n d d o m e s t i c a n i m a l s [6,10]. 

N i t r i c o x i d e ( N O * ) is a s h o r t - l i v i n g gas a n d a free r a d i c a l that part ic ipates i n m a n y p h y s i o l o g i c a l 

(e.g., i m m u n e response , r e g u l a t i o n of v a s c u l a r tone a n d p e r m e a b i l i t y ) a n d p a t h o l o g i c a l (e.g., cancer 

a n d n e u r o l o g i c a l diseases) processes [11-14]. I n the m a l e r e p r o d u c t i v e s y s t e m , N O * contr ibutes 

to p e n i l e erec t ion , s p e r m m o t i l i t y , c a p a c i t a t i o n , h y p e r a c t i v a t i o n , a n d a c r o s o m e reac t ion [15,16]. 
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I n b i o l o g i c a l sys tems , N O * c a n be genera ted t h r o u g h n o n - e n z y m a t i c p a t h w a y s b y e i ther d i rec t 

d i s p r o p o r t i o n a t i o n or r e d u c t i o n of n i t r i te u n d e r ac id ic a n d h i g h l y r e d u c e d c o n d i t i o n s [17]. H o w e v e r , 

N O * is m a i n l y s y n t h e s i z e d f r o m L - a r g i n i n e b y three N O synthase ( N O S ) i so forms : N e u r o n a l ( n N O S ) , 

endothe l ia l ( e N O S ) , a n d i n d u c i b l e ( i N O S ) . A l l i so forms p l a y a major role i n the contro l of reproduct ive 

processes [18] a n d are expressed i n h u m a n , m o u s e , a n d b o a r s p e r m a t o z o a [19-21] a m o n g others . 

U n l i k e the o ther i s o f o r m s , i N O S is c a l c i u m i n d e p e n d e n t a n d generates a large a m o u n t of N O * o v e r 

p r o l o n g e d p e r i o d s ( f r o m seconds to d a y s ) [18]. M o r e o v e r , the i N O S i s o f o r m is e x p r e s s e d d u r i n g 

i n f l a m m a t i o n or in fec t ion i n act ivated leukocytes [13], w h i c h are the m a i n source of R O S i n the semen 

together w i t h a b n o r m a l s p e r m a t o z o a [22,23]. There fore , the i n h i b i t i o n of the i N O S i s o f o r m m a y 

contr ibute b y p r o t e c t i n g against the d e t r i m e n t a l effects of the o x i d a t i v e stress i n the semen. 

A m i n o g u a n i d i n e is a select ive i n h i b i t o r of the i N O S i s o f o r m [24] a n d a scavenger of h y d r o g e n 

peroxide (H2O2), h y p o c h l o r o u s a c i d (HOC1) , h y d r o x y l ( * O H ) a n d peroxyni t r i te ( O N O O * ) radicals [25]. 

M o r e o v e r , a m i n o g u a n i d i n e w a s the f irst i n h i b i t o r of the a d v a n c e d g l y c a t i o n p a t h w a y [26] w i t h 

s i m i l a r effects to those of the p o l y a m i n e s , s p e r m i n e , a n d s p e r m i d i n e , w h i c h are a b u n d a n t i n 

s p e r m s a m p l e s [27]. I n a recent s t u d y c o n d u c t e d b y o u r research g r o u p [28], w e f o u n d that 

a m i n o g u a n i d i n e i m p r o v e s s o m e s p e r m k i n e t i c p a r a m e t e r s d u r i n g b o a r s e m e n storage at 17 °C . 

M o r e o v e r , a m i n o g u a n i d i n e protects agains t the n e g a t i v e effects of o x i d a t i v e stress i n d u c e d b y 

e n v i r o n m e n t a l p o l l u t a n t s [29] a n d p a t h o l o g i c a l c o n d i t i o n s , s u c h as v a r i c o c e l e [30-33]. N o n e t h e l e s s , 

the i n v i t r o effects of a m i n o g u a n i d i n e o n s p e r m cells u n d e r i n d u c e d o x ida t ive stress are s t i l l u n k n o w n . 

The a i m of this s t u d y w a s to evaluate the i n v i t r o effects of a m i n o g u a n i d i n e o n s p e r m cells u n d e r 

i n d u c e d oxidat ive stress. D u e to its p o w e r f u l antioxidant activity, w e hypothes ized that a m i n o g u a n i d i n e 

m a y protect against the deleter ious effects of o x ida t ive stress i n s p e r m samples . To test o u r hypothes is , 

s p e r m samples w e r e treated w i t h F e 2 + / a s c o r b a t e , w h i c h i n d u c e s l i p i d p e r o x i d a t i o n b y c a t a l y z i n g 

the p r o d u c t i o n of * O H , the most potent free r a d i c a l k n o w n [34]. T h e total ant iox idant capacity, 

l i p i d p e r o x i d a t i o n , s p e r m kinetics , p l a s m a m e m b r a n e integrity, a n d acrosomal status w e r e evaluated i n 

samples treated w i t h aminoguanid ine (10,1, a n d 0.1 m M ) a n d compared to those of control samples w i t h 

or w i t h o u t oxidat ive stress. The results f r o m this s tudy indicate that aminoguanid ine c o u l d be used as an 

efficient i n v i t ro therapeutic agent for the treatment of s p e r m disorders associated w i t h ox idat ive stress. 

2. Materials and Methods 

Reagents w e r e p u r c h a s e d f r o m S i g m a - A l d r i c h (Prague, C z e c h R e p u b l i c ) unless o therwise stated. 

2.1. Collection and Processing of Sperm Samples 

C o m m e r c i a l s p e r m doses f r o m 15 b o a r s of d i f ferent breeds (i.e., C z e c h L a n d r a c e , C z e c h L a r g e 

W h i t e , P i e t r a i n , D u r o c , a n d Přešt ice B l a c k - P i e d ) a n d h y b r i d genetic l i n e s w e r e p u r c h a s e d f r o m a 

b r e e d i n g c o m p a n y ( C h o v s e r v i s , H r a d e c Králové, C z e c h Republ i c ) . S p e r m - r i c h fractions were collected 

b y the g l o v e d - h a n d m e t h o d , d i l u t e d w i t h Solusem® extender ( A I M W o r l d w i d e , V u g h t , N e t h e r l a n d s ) , 

a n d t ransported to the laboratory at 17 °C . O n l y s p e r m samples w i t h at least 75% mot i le s p e r m a t o z o a 

were u s e d for these experiments . To reduce the effect of male var iab i l i ty , equa l v o l u m e s of s p e r m doses 

f r o m three boars w e r e m i x e d for e a c h repl icate . A f t e r th i s , s p e r m c o n c e n t r a t i o n w a s c h e c k e d u s i n g 

a B i i r k e r c h a m b e r a n d s a m p l e s w e r e f u r t h e r d i l u t e d w i t h So lusem® to get a f i n a l c o n c e n t r a t i o n of 

20 x 10 6 s p e r m a t o z o a / m L . The samples were then r a n d o m l y a l located into f ive g r o u p s : C o n t r o l ( C T R ) , 

control u n d e r ox idat ive stress ( C T R - o x ) , a n d three treatments of a m i n o g u a n i d i n e u n d e r ox idat ive stress 

(10,1 , a n d 0.1 m M , respect ively) . A m i n o g u a n i d i n e w a s f reshly p r e p a r e d o n the d a y of the exper iment 

(stock s o l u t i o n : 0.2 M ) b y d i s s o l v i n g a m i n o g u a n i d i n e h y d r o c h l o r i d e i n p h o s p h a t e b u f f e r e d sa l ine 

(PBS) a n d d i l u t e d w i t h s p e r m s a m p l e s to g i v e a f i n a l c o n c e n t r a t i o n of 1 0 , 1 , a n d 0.1 m M . F o r C T R - o x 

samples , a n equal v o l u m e of P B S s o l u t i o n w a s a d d e d . O x i d a t i v e stress w a s i n d u c e d b y 0.05 m M FeS04 

a n d 0.5 m M s o d i u m ascorbate ( F e 2 + / a s c o r b a t e ) , a R O S generat ing sys tem that is specif ic for i n d u c i n g 

l i p i d p e r o x i d a t i o n [35]. T h e e x p e r i m e n t w a s r e p l i c a t e d f ive t i m e s u s i n g f i v e d i f ferent s e m e n p o o l s . 
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A l l s p e r m analyses w e r e p e r f o r m e d at 0 h (after 20 m i n of i n c u b a t i o n , c o n t r o l o n l y ) , 2 h , a n d 3.5 h of 

i n c u b a t i o n i n a w a t e r b a t h at 38 ° C ( S u p p l e m e n t a r y Dataset) . 

2.2. Assessment of Total Antioxidant Capacity 

A t the e n d of each i n c u b a t i o n t i m e , 300 |xL of e a c h s a m p l e w a s c e n t r i f u g e d at 2000 x g for 

10 m i n . A f t e r this , 150 |oL of supernatant w a s co l lec ted a n d s tored at — 80 ° C u n t i l ana lys i s . T h e total 

ant iox idant capaci ty w a s d e t e r m i n e d b y spectrophotometry ( L i b r a S22, B i o c h r o m , H a r v a r d Bioscience 

C o m p a n y , C a m b r i d g e , U K ) at 660 n m u s i n g the m e t h o d d e s c r i b e d b y E r e l [36]. A s t a n d a r d c u r v e w a s 

es tab l i shed u s i n g the k n o w n concent ra t ions of 6 - h y d r o x y - 2 , 5 , 7 , 8 - t e t r a m e t h y l c h r o m a n - 2 - c a r b o x y l i c 

a c i d (Trolox). The total a n t i o x i d a n t capac i ty w a s expressed as m M Trolox equivalents . T h i s assay w a s 

r u n i n d u p l i c a t e for each s a m p l e . 

2.3. Assessment of Sperm Motility 

A s p e r m a l i q u o t (5 |xL) w a s l o a d e d i n t o a p r e - w a r m e d (38 ° C ) S p e r m t r a c k c h a m b e r ( P R O i S E R 

R + D S .L . , P a t e r n a , S p a i n ; c h a m b e r d e p t h : 20 |xm). S p e r m m o t i l i t y w a s e v a l u a t e d sub jec t ive ly b y 

e s t i m a t i n g the percentage of m o t i l e s p e r m a t o z o a to the nearest 5 % a n d the q u a l i t y of m o v e m e n t 

( Q M ) u s i n g a scale f r o m 0 ( lowest : N o m o t i l i t y ) to 5 (highest : P r o g r e s s i v e a n d v i g o r o u s m o v e m e n t s ) . 

T h e s p e r m m o t i l i t y i n d e x (SMI) w a s c a l c u l a t e d a c c o r d i n g to the f o l l o w i n g f o r m u l a : [% i n d i v i d u a l 

m o t i l i t y + ( Q M x 20)]/2. S p e r m k ine t i c s w e r e assessed b y C o m p u t e r A s s i s t e d S p e r m A n a l y s i s 

( C A S A ; N I S - E l e m e n t s , N i k o n , T o k y o , J a p a n a n d L a b o r a t o r y I m a g i n g , P r a g u e , C z e c h R e p u b l i c ) , 

w h i c h consists of a n Ec l ipse E600 tr i -ocular phase contrast microscope ( N i k o n , T o k y o , Japan), e q u i p p e d 

w i t h a 10 x n e g a t i v e phase-contras t object ive ( N i k o n , T o k y o , Japan) , a w a r m i n g stage set at 38 °C 

(Tokai H i t , S h i z u o k a , Japan) , a n d a D M K 2 3 U M 0 2 1 d i g i t a l c a m e r a (The I m a g i n g Source , B r e m e n , 

G e r m a n y ) . A to ta l of n i n e d e s c r i p t o r s of s p e r m k ine t i c s w e r e r e c o r d e d after a n a l y z i n g s ix r a n d o m 

f ie lds : T o t a l m o t i l i t y ( T M , %) , p r o g r e s s i v e m o t i l i t y ( P M , %) , average p a t h v e l o c i t y ( V A P , |j.m/s), 

c u r v i l i n e a r v e l o c i t y ( V C L , |j.m/s), s t r a i g h t - l i n e v e l o c i t y ( V S L , |xm/s), a m p l i t u d e of l a t e r a l h e a d 

displacement ( A L H , \im), beat-cross frequency (BCF, H z ) , l inear i ty ( L I N , %) , a n d straightness (STR, %). 

The s tandard parameter settings were as f o l l o w s : Frames per second, 60; m i n i m u m of frames acquired , 

31; V A P > 10 |xm/s to c lass i fy a s p e r m a t o z o o n as m o t i l e ; a n d S T R > 80% to c lass i fy a s p e r m a t o z o o n 

as progress ive . A m i n i m u m of 200 m o t i l e s p e r m cells w e r e a n a l y z e d per s a m p l e . 

2.4. Assessment of Lipid Peroxidation 

L i p i d p e r o x i d a t i o n w a s assessed u s i n g the t h i o b a r b i t u r i c a c i d react ive substances ( T B A R S ) 

assay as p r e v i o u s l y d e s c r i b e d [35,37]. A t the e n d of each i n c u b a t i o n t i m e , s p e r m a l i q u o t s w e r e 

co l lec ted a n d s tored at —80 ° C u n t i l a n a l y s i s . T h e absorbance of the s a m p l e w a s m e a s u r e d b y 

s p e c t r o p h o t o m e t r y at 532 n m . A s t a n d a r d c u r v e w a s es tab l i shed u s i n g the k n o w n concentra t ions of 

1 ,1 ,3 ,3-tetramethoxypropane ( m a l o n d i a l d e h y d e , M D A ) . The levels of l i p i d p e r o x i d a t i o n are s h o w n as 

ixmol of M D A p e r 10 8 s p e r m a t o z o a . T h i s assay w a s r u n i n d u p l i c a t e for each s a m p l e . 

2.5. Assessment of Sperm Plasma Membrane Integrity 

T h e assessment of h e a d m e m b r a n e i n t e g r i t y w a s p e r f o r m e d , as p r e v i o u s l y d e s c r i b e d [38,39]. 

Brief ly, s p e r m samples were i n c u b a t e d w i t h carboxyf luoresce in diacetate (stock s o l u t i o n : 0.46 m g / m L 

i n d i m e t h y l s u l f o x i d e ) , p r o p i d i u m i o d i d e (stock s o l u t i o n : 0.5 m g / m L i n P B S ) , a n d f o r m a l d e h y d e 

s o l u t i o n (0.3%) for 10 m i n at 37 ° C i n the d a r k . A f t e r th i s , 200 s p e r m a t o z o a w e r e e v a l u a t e d i n e a c h 

sample u s i n g epi-f luorescence m i c r o s c o p y (40 x objective) a n d the s p e r m cells s h o w i n g complete green 

f luorescence o v e r the h e a d w e r e c o n s i d e r e d to h a v e a n intact h e a d m e m b r a n e . T h e t a i l m e m b r a n e 

in tegr i ty w a s d e t e r m i n e d u s i n g the h y p o o s m o t i c s w e l l i n g test as p r e v i o u s l y descr ibed [39,40]. Brief ly, 

s p e r m s a m p l e s w e r e d i l u t e d i n t o a p r e - w a r m e d h y p o o s m o t i c s o l u t i o n (7.35 g / L s o d i u m citrate a n d 

13.51 g / L fructose) a n d i n c u b a t e d for 30 m i n at 38 ° C . A t the e n d of the i n c u b a t i o n , 200 s p e r m a t o z o a 
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were eva luated u s i n g phase-contrast m i c r o s c o p y (40 x objective) a n d the s p e r m cells s h o w i n g s w o l l e n 

tails w e r e c o n s i d e r e d to h a v e a n intact ta i l m e m b r a n e . 

2.6. Assessment of Acrosomal Status 

I n o r d e r to d e t e r m i n e the percentage of s p e r m cel ls w i t h a n o r m a l a p i c a l r i d g e ( N A R ) [41], 

the samples were f ixed i n 2% g l u t a r a l d e h y d e s o l u t i o n a n d e x a m i n e d u n d e r phase contrast m i c r o s c o p y 

(40x object ive) . T w o - h u n d r e d s p e r m a t o z o a w e r e e v a l u a t e d f o r each s a m p l e . T h e percentage of 

d a m a g e d acrosomes w a s d e t e r m i n e d a c c o r d i n g to the p r o t o c o l descr ibed b y G a r c i a - V a z q u e z et a l . [42]. 

Brief ly , s p e r m samples w e r e s m e a r e d onto glass s l ides , a i r - d r i e d , a n d f i x e d w i t h m e t h a n o l for 10 m i n 

at r o o m t e m p e r a t u r e . A f t e r th is , s a m p l e s w e r e w a s h e d t w i c e w i t h P B S a n d i n c u b a t e d w i t h p e a n u t 

agglut in in- f luoresce in isothiocyanate ( P N A - F I T C , stock s o l u t i o n : 0.2 m g / m L i n PBS) for 10 m i n at 37 °C 

i n the d a r k . F ina l ly , the samples were w a s h e d for 5 m i n w i t h P B S a n d evaluated u n d e r epi-f luorescence 

m i c r o s c o p y (40 x object ive) . T w o - h u n d r e d s p e r m a t o z o a w e r e e v a l u a t e d a n d the s p e r m a t o z o a that 

s h o w e d n o f luorescence o v e r the acrosome w e r e c o n s i d e r e d to be d a m a g e d s p e r m a t o z o a . 

2.7. Statistical Analysis 

The statistical analyses were p e r f o r m e d u s i n g the SPSS 20.0 statistical software package ( I B M Inc, 

C h i c a g o , I L , U S A ) . T h e S h a p i r o - W i l k test w a s a p p l i e d to check for a n o r m a l d i s t r i b u t i o n of the 

data . T h e repeated measures A N O V A or F r i e d m a n tests w e r e u s e d to check for dif ferences i n s p e r m 

parameters i n the contro l g r o u p d u r i n g the different t imes of i n c u b a t i o n . The genera l ized l inear m o d e l 

( G Z L M ) w a s p e r f o r m e d to a n a l y z e the effects of the treatments a n d storage t imes o n s p e r m var iables . 

D a t a are s h o w n as m e a n ± s t a n d a r d error (SE). Statist ical s igni f icance w a s set at p < 0.05. 

3. Results 

3.1. Total Antioxidant Capacity 

A s s h o w n i n Table 1, the to ta l a n t i o x i d a n t c a p a c i t y of the C T R s a m p l e s d i d n o t change d u r i n g 

the w h o l e i n c u b a t i o n (p > 0.05). A t each i n c u b a t i o n t i m e , there w e r e also n o differences b e t w e e n C T R 

a n d C T R - o x g r o u p s (p > 0.05). I rrespect ive of the i n c u b a t i o n t i m e , 10 m M a m i n o g u a n i d i n e s h o w e d 

greater total a n t i o x i d a n t capaci ty than C T R - o x g r o u p (p < 0.001 at b o t h i n c u b a t i o n t imes) , w h i l e 1 m M 

a m i n o g u a n i d i n e s h o w e d greater total a n t i o x i d a n t capac i ty at 3.5 h of i n c u b a t i o n o n l y (p = 0.031). 

Table 1. Total antioxidant capacity of boar sperm samples submitted to oxidative stress (CTR except) 
and supplemented w i t h aminoguanidine. 

Treatment Time (h) Total Antioxidant Capacity (mM) 

CTR 0 0.4 ± 0.1 a 

CTR 2 0.1 ± 0.0 a ' A 

CTR-ox 2 0.4 ± 0.2 A 

AglO-ox 2 2.1 ± 0.1 *** 
Agl-ox 2 0.5 ± 0.1 

AgO.l-ox 2 0.4 ± 0.3 

CTR 3.5 0.2 ± 0.0 a ' A 

CTR-ox 3.5 0.2 ± 0.0 A 

AglO-ox 3.5 2.2 ± 0.1 *** 
Agl-ox 3.5 0.5 ± 0.1 * 

AgO.l-ox 3.5 0.2 ± 0.1 
Total antioxidant capacity is expressed as Trolox equivalents. Different superscript lower-case letters indicate significant 
differences (p < 0.05) among times for the control samples without induced oxidative stress. Different superscript 
upper-case letters indicate significant differences (p < 0.05) within each given time between the control samples with 
and without induced oxidative stress. The asterisks indicate significant differences (* p < 0.05; *** p < 0.001) within 
each given time between the treatments and the control samples submitted to induced oxidative stress. CTR = control; 
ox = samples submitted to induced oxidative stress; AglO = 10 m M aminoguanidine; A g l = 1 m M aminoguanidine; 
and AgO.l = 0.1 m M aminoguanidine. Data are shown as mean ± standard error of 5 replicates. 
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F u r t h e r m o r e , after 2 h a n d 3.5 h of i n c u b a t i o n , 10 a n d 1 m M a m i n o g u a n i d i n e s h o w e d greater total 

a n t i o x i d a n t capac i ty t h a n C T R samples (p < 0.05). 

3.2. Sperm Motility and Kinetics 

A t 2 h of i n c u b a t i o n , there w e r e n o s i g n i f i c a n t d i f ferences i n a n y s p e r m k i n e t i c p a r a m e t e r 

b e t w e e n C T R a n d C T R - o x g r o u p s (p > 0.05, F i g u r e 1 a n d Table 2). C o n v e r s e l y , at 3.5 h of i n c u b a t i o n , 

s p e r m k i n e t i c p a r a m e t e r s (except for the B C F , L I N , a n d S T R ) w e r e n e g a t i v e l y affected b y th is R O S 

generator (p < 0.05, F i g u r e 1 a n d Table 2). 

O v e r a l l , o u r results s h o w that a m i n o g u a n i d i n e p r e s e r v e d s p e r m m o t i l i t y u n d e r o x i d a t i v e stress 

c o n d i t i o n s ( F i g u r e 1 a n d Table 2). A t b o t h t i m e s of i n c u b a t i o n , the T M of s a m p l e s that w e r e treated 

w i t h 10 a n d 1 m M a m i n o g u a n i d i n e w e r e s i g n i f i c a n t l y greater t h a n those of C T R - o x g r o u p (p < 0.05) 

w i t h a t w o - f o l d increase at 3.5 h of s p e r m i n c u b a t i o n . N e v e r t h e l e s s , it i s i m p o r t a n t to h i g h l i g h t that 

despi te the great percentage of m o t i l e s p e r m a t o z o a o b s e r v e d d u r i n g the w h o l e i n c u b a t i o n , s a m p l e s 

treated w i t h 10 m M a m i n o g u a n i d i n e t e n d e d to d i s p l a y a r e l a t i v e l y n o n - p r o g r e s s i v e a n d c i r c u l a r 

m o v e m e n t . I n this w a y , at 2 h of i n c u b a t i o n , s a m p l e s treated w i t h 10 m M a m i n o g u a n i d i n e s h o w e d a 

greater percentage of m o t i l e s p e r m cells , S M I , T M a n d V C L , b u t s m a l l e r percentage of P M , B C F , L I N , 

a n d S T R c o m p a r e d to those of C T R - o x samples (p < 0.05). There w a s also a s igni f i cant increase i n the 

percentage of m o t i l e s p e r m cells , S M I , a n d T M at 3.5 h of i n c u b a t i o n i n s a m p l e s treated w i t h 0.1 m M 

a m i n o g u a n i d i n e c o m p a r e d to those of C T R - o x s a m p l e s (p < 0.05). W h i l e there w e r e n o dif ferences 

i n the other k i n e t i c parameters at this a m i n o g u a n i d i n e concent ra t ion , they t e n d e d to be greater t h a n 

those of C T R - o x g r o u p (p > 0.05). 

Interest ingly , i r respec t ive of the i n c u b a t i o n t i m e , there w a s n o di f ference i n a n y s p e r m k i n e t i c 

p a r a m e t e r b e t w e e n 1 m M a m i n o g u a n i d i n e a n d C T R s a m p l e s (p > 0.05). C o n v e r s e l y , 10 m M 

a m i n o g u a n i d i n e s h o w e d greater T M , V C L , a n d A L H , b u t s m a l l e r P M , B C F , L I N , a n d S T R t h a n 

C T R g r o u p at 2 h of i n c u b a t i o n (p < 0.05). S p e r m k inet i c p a r a m e t e r s i n s a m p l e s treated w i t h 0.1 m M 

a m i n o g u a n i d i n e d i d not d i f fer or w e r e s i g n i f i c a n t l y s m a l l e r t h a n the C T R g r o u p (p < 0.05). 
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100-

T i m e (h) 

Figure 1. Percentage of motile sperm cells, quality of movement, and sperm moti l i ty index i n boar 
samples submitted to oxidative stress (CTR except) and supplemented wi th aminoguanidine. Different 
superscript lower-case letters indicate significant differences (p < 0.05) among times for the control 
group without induced oxidative stress. Different superscript upper-case letters indicate significant 
differences (p < 0.05) between the control group w i t h and without induced oxidative stress w i t h i n 
each given time. The asterisks indicate significant differences between the treatment and the control 
submitted to induced oxidative stress w i t h i n each given time (* p < 0.05; ** p < 0.01; *** p < 0.001). 
White bars = control samples; crossed bars = control samples under induced oxidative stress; black bars 
= 10 m M aminoguanidine; dark grey bars = 1 m M aminoguanidine; and light grey bars = 0.1 m M 
aminoguanidine. Data are shown as mean ± standard error of 5 replicates. 



Pharmaceutics 2018,10, 212 7 of 14 

Table 2. Boar sperm kinetics i n samples submitted to oxidative stress (CTR except) and supplemented w i t h aminoguanidine. 

Treatment Time (h) T M <%) P M (%) VAP(nm/s) V C L (nm/s) VSL (nm/s) A L H (urn) BCF (Hz) LIN (%) STR (%) 

C T R 0 77.2 ± 3.5 a 44.9 ± 0.9 a 40.6 ± 1.3 a 80.8 ± 1.9 a 30.6 ± 1.0 a 3.0 ± 0.1 a 13.1 ± 0.2 a 38.0 ± 0.9 a 75.5 ± 0.8 a 

C T R 2 63.1 ± 6.1 62.4 ± 5.6 b ' A 39.2 ± 2.8 a ' A 67.5 ± 3.2 b - A 36.0 ± 2.5 a b ' A 2.7 ± 0.1 b ' A 14.4 ± 0.4 b ' A 51.7 ± 1.4 b - A 89.7 ± 0.5 b ' A 

CTR-ox 2 54.2 ± 4.7 A 61.2 ± 5.4 A 41.4 ± 3.0 A 68.1 ± 5 . 3 A 38.9 ± 2.8 A 2.8 ± 0.2 A 14.7 ± 0.2 A 55.9 ± 1.9 A 92.3 ± 0.9 A 

AglO-ox 2 83.0 ± 1.6 **• 42.0 ± 2.8 **• 42.2 ± 3.3 92.9 ± 8.6 **• 30.2 ± 1 . 7 " 3.3 ± 0.3 12.7 ± 0.4 **• 34.2 ± 1.8 **• 70.8 ± 2.3 **• 
A g l - o x 2 65.6 ± 1.4 * 63.2 ± 2.6 45.0 ± 4.9 79.6 ± 9.4 40.7 ± 4.1 3.1 ± 0.4 14.0 ± 0.4 50.8 ± 2.3 * 88.6 ± 1.4 * 

AgO.l-ox 2 56.7 ± 4.7 58.7 ± 3.1 39.4 ± 4.0 68.4 ± 9.0 35.8 ± 3.1 2.7 ± 0.3 14.4 ± 0.4 52.5 ± 3 89.5 ± 2.2 

C T R 3.5 60.0 ± 6.3 a ' A 62.8 ± 6.0 b ' A 41.5 ± 3.3 a ' A 68.9 ± 4.2 h - A 38.6 ± 3.3 b ' A 2.7 ± 0.2 a b ' A 14.8 ± 0.4 b ' A 54.6 ± 1.9 b ' A 90.9 ± 1.0 b ' A 

CTR-ox 3.5 24.9 ± 4.4 B 43.7 ± 8.0 B 29.4 ± 1.4 B 45.5 ± 2.9 B 27.9 ± 1.4 B 1.9 ± 0.1 B 15.1 ± 0.4 A 62.3 ± 2.4 B 93.6 ± 1.4 A 

AglO-ox 3.5 69.0 ± 5.6 **• 52.6 ± 4.0 36.0 ± 3.2 78.1 ± 6.6 **• 29.3 ± 2.5 2.8 ± 0.2 **• 12.9 ± 0.4 **• 39.4 ± 1.6 **• 80.5 ± 1.7 **• 
A g l - o x 3.5 59.0 ± 3.8 **• 63.8 ± 3.3 **• 40.4 ± 2.5 *• 69.2 ± 3.1 *• 37.7 ± 2.5 *• 2.8 ± 0.1 *• 14.2 ± 0.4 54.1 ± 1.2 **• 91.6 ± 0.6 

AgO.l-ox 3.5 39.6 ± 4.8 * 53.1 ± 5.5 32.7 ± 1.9 53.0 ± 5.0 30.8 ± 1.5 2.3 ± 0.2 15.0 ± 0.4 59.1 ± 2.5 93.0 ± 0.8 

Different superscript lower-case letters in the same column indicate significant differences (p < 0.05) among times for the control group without induced oxidative stress. Different 
superscript upper-case letters in the same column indicate significant differences (p < 0.05) between the control group with and without induced oxidative stress within each given time. 
The asterisks indicate significant differences between the treatment and the control submitted to induced oxidative stress within each given time (* p < 0.05; ** p < 0.01; *** p < 0.001). 
T M = total motility; P M = progressive motility; VAP = average path velocity; V C L = curvilinear velocity; VSL = straight-line velocity; A L H = amplitude of lateral head displacement; 
BCF = beat-cross frequency; L IN = linearity; STR = straightness; CTR = control; ox = samples submitted to induced oxidative stress; AglO = 10 m M aminoguanidine; A g l = 1 m M 
aminoguanidine; and AgO.l = 0.1 m M aminoguanidine. Data are shown as mean ± standard error of 5 replicates. 
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3.3. Lipid Peroxidation 

T h e o x i d a t i v e stress i n d u c e d b y F e 2 + / a s c o r b a t e p r o v o k e d a s i g n i f i c a n t increase i n s p e r m l i p i d 

p e r o x i d a t i o n at 2 h a n d 3.5 h of s e m e n i n c u b a t i o n (p < 0.05; F i g u r e 2) c o m p a r e d to the C T R g r o u p . 

O n the other h a n d , C T R samples d i d not change their levels of M D A d u r i n g the entire p e r i o d of semen 

i n c u b a t i o n (p > 0.05). Interestingly, at 2 h of i n c u b a t i o n , a l l a m i n o g u a n i d i n e treatments s h o w e d l o w e r 

leve ls of M D A t h a n those of C T R - o x g r o u p (p < 0.05). C o n v e r s e l y , at 3.5 h of i n c u b a t i o n , o n l y 10 a n d 

1 m M a m i n o g u a n i d i n e s h o w e d l o w e r levels of l i p i d p e r o x i d a t i o n t h a n C T R - o x samples (both p < 0.001). 

A s expected, a l l a m i n o g u a n i d i n e treatments s h o w e d greater levels of l i p i d p e r o x i d a t i o n than C T R 

samples (p < 0.001). 

50-

Time (h) 

Figure 2. L i p i d peroxidation i n boar sperm samples submitted to oxidative stress (CTR except) and 
supplemented w i t h aminoguanidine. Different superscript lower-case letters indicate significant 
differences (p < 0.05) among times for the control group without induced oxidative stress. Different 
superscript upper-case letters in the same column indicate significant differences (p < 0.05) between the 
control group with and without induced oxidative stress within each given time. The asterisks indicate 
significant differences between the treatment and the control submitted to induced oxidative stress 
within each given time (* p < 0.05; *** p < 0.001). M D A = malondialdehyde; white bars = control samples; 
crossed bars = control samples under induced oxidative stress; black bars = 10 m M aminoguanidine; 
dark grey bars = 1 m M aminoguanidine; and light grey bars = 0.1 m M aminoguanidine. Data are 
shown as mean ± standard error of 5 replicates. 

3.4. Sperm Plasma Membrane Integrity and Acrosomal Status 

In general , the ox idat ive stress i n d u c e d b y F e 2 + / a s c o r b a t e i m p a i r e d the s p e r m p l a s m a m e m b r a n e 

a n d a c r o s o m e i n t e g r i t y of C T R - o x s a m p l e s (Table 3). M o r e o v e r , w e f o u n d that a m i n o g u a n i d i n e 

protects the s p e r m h e a d p l a s m a m e m b r a n e a n d acrosome i n t e g r i t y against o x i d a t i v e stress (Table 3). 

W h i l e there w e r e n o s igni f i cant differences i n the s p e r m ta i l p l a s m a m e m b r a n e i n t e g r i t y b e t w e e n the 

values of C T R - o x samples a n d those of a m i n o g u a n i d i n e treatments (p > 0.05), there w a s a t rend for the 

latter to be greater at a n y concentra t ion u s e d . 
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Table 3. Boar sperm plasma membrane integrity and acrosomal status i n samples submitted to 
oxidative stress (CTR except) and supplemented w i t h aminoguanidine. 

Treatment Time (h) 
Intact Head 

Plasma 
Membrane (%) 

Intact Tail 
Plasma 

Membrane (%) 

Normal Apical 
Ridge(%) 

Damaged 
Acrosome (%) 

C T R 0 83.2 ± 0.6 a 27.9 ± 2.5 a 94.5 ± 0.3 a 2.1 ± 0.2 a 

C T R 2 76.4 ± 0.5 b ' A 23.0 ± 4.6 a b ' A 92.1 ± 0 . 5 b ' A 3.2 ± 0.4 b - A 

CTR-ox 2 71.9 ± 0.7 B 16.3 ± 4.5 A 87.6 ± 1.3 B 3.9 ± 0.4 A 

AglO-ox 2 78.8 ± 0.6 *** 24.3 ± 4.3 93.1 ± 0.5 *** 2.7 ± 0.3 ** 
A g l - o x 2 81.6 ± 1 . 0 *** 20.2 ± 3.8 91.4 ± 1.1 *** 2.2 ± 0.2 *** 

Ag0.1-ox 2 74.3 ± 0.3 * 21.0 ± 4.7 91.1 ± 0.5 *** 3.3 ± 0.4 

C T R 3.5 69.3 ± 1 . 2 C<A 20.4 ± 4.0 b ' A 88.7 ± 0.8 C ' A 4.7 ± 0.3 C - A 

CTR-ox 3.5 62.8 ± 0.8 B 14.1 ± 3.7 A 84.9 ± 1.0 B 6.2 ± 0.3 B 

AglO-ox 3.5 73.5 ± 0.8 *** 22.0 ± 3.9 90.3 ± 1 . 0 *** 4.2 ± 0.4 *** 
A g l - o x 3.5 78.3 ± 1.1 *** 18.1 ± 4.5 90.6 ± 1.1 *** 3.1 ± 0.2 *** 

Ag0.1-ox 3.5 67.7 ± 1.2 *** 16.0 ± 4.61 90.5 ± 0.6 *** 5.3 ± 0.3 * 

Different superscript lower-case letters in the same column indicate significant differences (p < 0.05) among times 
for the control group without induced oxidative stress. Different superscript upper-case letters in the same column 
indicate significant differences (p < 0.05) between the control group with and without induced oxidative stress 
within each given time. The asterisks indicate significant differences between the treatment and the control 
submitted to induced oxidative stress within each given time (* p < 0.05; ** p < 0.01; *** p < 0.001). CTR = control; 
ox = samples submitted to induced oxidative stress; AglO = 10 m M aminoguanidine; A g l = 1 m M aminoguanidine; 
and AgO.l = 0.1 m M aminoguanidine. Data are shown as mean ± standard error of 5 replicates. 

W e a lso f o u n d that 10 a n d 1 m M a m i n o g u a n i d i n e s h o w e d a greater percentage of intact s p e r m 

h e a d p l a s m a m e m b r a n e at 2 h (p = 0.025 a n d p < 0.001, respec t ive ly) a n d 3.5 h of s p e r m i n c u b a t i o n 

(both p < 0.001) t h a n C T R s a m p l e s . M o r e o v e r , at 2 h a n d 3.5 h of i n c u b a t i o n , 1 m M a m i n o g u a n i d i n e 

s h o w e d a l o w e r percentage of d a m a g e d acrosome t h a n that of the C T R g r o u p (p = 0.011 a n d p < 0.001, 

respect ively) . 

4. Discussion 

T h e present s t u d y p r o v i d e s the first p iece of e v i d e n c e that a m i n o g u a n i d i n e n o t a b l y reduces 

the d e t r i m e n t a l effects of o x i d a t i v e stress i n b o a r s p e r m cel ls i n v i t r o . O u r results c l e a r l y s h o w that 

a m i n o g u a n i d i n e has p o w e r f u l a n t i o x i d a n t capaci ty , preserves the s p e r m m o t i l i t y , r e d u c e s the l i p i d 

p e r o x i d a t i o n , a n d protects the p l a s m a m e m b r a n e a n d a c r o s o m e i n t e g r i t y u n d e r i n d u c e d o x i d a t i v e 

stress. Interest ingly, except for the leve l s of M D A , s p e r m p a r a m e t e r s of s a m p l e s treated w i t h 1 m M 

a m i n o g u a n i d i n e d i d not d i f f e r o r e v e n s h o w e d better p e r f o r m a n c e t h a n those of c o n t r o l s a m p l e s 

w i t h o u t the ROS-genera t ing system, w h i c h demonstrates that the deleterious effects of ox idat ive stress 

w e r e m o s t l y a b o l i s h e d . A s there w a s n o c y t o t o x i c effect s h o w n i n a n y s p e r m parameter , o u r results 

suggest that a m i n o g u a n i d i n e c o u l d p o t e n t i a l l y be a treatment for i m p a i r e d s e m e n q u a l i t y associated 

w i t h h i g h R O S levels . 

A m i n o g u a n i d i n e is a selective i n h i b i t o r of the i N O S i s o f o r m [24], w h i c h releases large a m o u n t s of 

N O * a n d is f o u n d i n s p e r m a t o z o a a n d ac t ivated leukocytes [18,21]. I n h u m a n semen, the presence of 

a b n o r m a l s p e r m a t o z o a a n d a c t i v a t e d l e u k o c y t e s increases the a m o u n t of R O S o v e r p h y s i o l o g i c a l 

l eve l s , w h i c h causes s p e r m D N A d a m a g e , l i p i d p e r o x i d a t i o n , a n d p o o r m o t i l i t y [5]. I n this 

sense, Ba lerc ia et a l . [43] f o u n d that a s t h e n o z o s p e r m i c m e n s h o w greater l eve l s of N O * t h a n 

n o r m o z o o s p e r m i c m e n a n d that the concentra t ion of this gasotransmit ter w e r e n e g a t i v e l y corre la ted 

w i t h the s p e r m m o t i l i t y . I n this w a y , o u r f i n d i n g s ind ica te that a m i n o g u a n i d i n e c a n be e m p l o y e d for 

protect ing against the effects of ox ida t ive stress i n s p e r m cells, w h i c h is consistent w i t h the f i n d i n g s i n 

other cells a n d tissues ( lung : [44]; b l a d d e r : [45]; k i d n e y : [46]; testis: [29]). S imi lar ly , A b b a s i et a l . [30,31] 

a n d A l i z a d e h et a l . [32,33] f o u n d that the i n v i v o a d m i n i s t r a t i o n of a m i n o g u a n i d i n e i m p r o v e s the 

s p e r m c o n c e n t r a t i o n , m o t i l i t y , v i a b i l i t y , n o r m a l m o r p h o l o g y , m i t o c h o n d r i a l m e m b r a n e p o t e n t i a l , 



Pharmaceutics 2018,10, 212 10 of 14 

a n d D N A integr i ty i n v a r i c o c e l i z e d rats w h e r e the u p r e g u l a t i o n of the i N O S i s o f o r m m a y l e a d to h i g h 

levels of R O S i n the semen. 

A s p r e v i o u s l y d e s c r i b e d i n b o a r s e m e n [35,47], o u r results c o n f i r m that F e 2 + / a s c o r b a t e i n d u c e s 

a state of o x i d a t i v e stress c h a r a c t e r i z e d b y increased leve ls of l i p i d p e r o x i d a t i o n a n d r e d u c e d s p e r m 

mot i l i ty . I n a d d i t i o n , w e also f o u n d that this R O S generator n e g a t i v e l y affects the s p e r m h e a d p l a s m a 

m e m b r a n e a n d a c r o s o m e i n t e g r i t y I n contrast to o u r f i n d i n g s , G u t h r i e a n d W e l c h [47] f o u n d that 

F e 2 + / a s c o r b a t e d i d not affect the s p e r m m e m b r a n e in tegr i ty (i.e., v i a b i l i t y ) . T h i s is p o s s i b l y because a 

s m a l l e r F e 2 + / a s c o r b a t e c o n c e n t r a t i o n w a s e m p l o y e d (i.e., 1 u M / 3 0 u M ) i n the i r s tudy. O u r f i n d i n g s 

also c o n f i r m that a m i n o g u a n i d i n e has p o w e r f u l a n t i o x i d a n t ab i l i t i es agains t the o x i d a t i v e stress 

i n d u c e d b y F e 2 + / a s c o r b a t e , as p r e v i o u s l y descr ibed b y Y i l d i z et a l . [25]. Irrespective of the i n c u b a t i o n 

t ime, 10 a n d 1 m M a m i n o g u a n i d i n e s h o w e d stronger ant iox idant capacity than that of contro l samples 

w i t h or w i t h o u t i n d u c e d o x i d a t i v e stress. T h e to ta l a n t i o x i d a n t c a p a c i t y of 1 m M a m i n o g u a n i d i n e 

w a s 0.5 m M T r o l o x e q u i v a l e n t s o n average , w h i c h is w i t h i n the range d e s c r i b e d i n the b o a r s e m i n a l 

p l a s m a [48,49]. A greater to ta l a n t i o x i d a n t c a p a c i t y of the s e m i n a l p l a s m a c o n t r i b u t e s to the a b i l i t y 

of b o a r s p e r m cel ls to better s u s t a i n the p r e s e r v a t i o n process ( l i q u i d - s t o r a g e a n d c r y o p r e s e r v a t i o n ) , 

w h i c h is a lso p o s i t i v e l y re la ted to the f e r t i l i t y o u t c o m e s a n d l i t ter s ize [49]. I n th is w a y , o u r results 

indicate that 1 m M a m i n o g u a n i d i n e s h o w s a total a n t i o x i d a n t capac i ty s i m i l a r to that of boar s e m i n a l 

p l a s m a , w h i c h p r o v i d e s f u r t h e r s u p p o r t for the b e n e f i c i a l effects of th is c o m p o u n d o n b o a r s p e r m 

parameters u n d e r i n d u c e d o x i d a t i v e stress. 

T h e results of this s t u d y s h o w that u n d e r i n d u c e d o x i d a t i v e stress, a m i n o g u a n i d i n e better 

preserves s p e r m m o t i l i t y , p l a s m a m e m b r a n e a n d a c r o s o m e i n t e g r i t y These three p a r a m e t e r s are 

corre la ted w i t h m a l e fe r t i l i ty i n h u m a n s [50] a n d other species (bul ls : [51]; boars : [52]; s ta l l ions : [53]). 

Interest ingly, at 3.5 h of i n c u b a t i o n , 10 a n d 1 m M a m i n o g u a n i d i n e s h o w e d m o r e t h a n t w i c e the 

percentage of mot i le s p e r m cells c o m p a r e d to contro l samples u n d e r o x ida t ive stress. Nevertheless , it is 

i m p o r t a n t to h i g h l i g h t that s p e r m cells treated w i t h 10 m M a m i n o g u a n i d i n e s h o w e d r a p i d c u r v i l i n e a r 

trajectories w i t h r e m a r k a b l y l o w v a l u e s of progress ive a n d l inear m o t i l i t y . A p l a u s i b l e e x p l a n a t i o n of 

this p h e n o m e n o n m i g h t be d u e to the a n t i o x i d a n t capac i ty of 10 m M a m i n o g u a n i d i n e (2 m M Tro lox 

equivalents) , w h i c h is quite above the p h y s i o l o g i c a l range reported i n the boar s e m i n a l p l a s m a [48,49]. 

A s cer ta in l eve l s of R O S are r e q u i r e d for a n o r m a l s p e r m f u n c t i o n [8,9], 10 m M a m i n o g u a n i d i n e 

m a y r e d u c e the a m o u n t of R O S i n s u c h a w a y that it i m p a i r s s o m e s p e r m k i n e t i c p a r a m e t e r s , b u t it 

does n o t affect the s p e r m p l a s m a m e m b r a n e a n d a c r o s o m e integr i ty . I n this sense, the pro tec t ive 

effects o n the s p e r m p l a s m a m e m b r a n e a n d a c r o s o m e i n t e g r i t y i n s a m p l e s treated w i t h 10 m M 

a m i n o g u a n i d i n e w e r e a lso c o n f i r m e d b y the l o w e r l eve l s of l i p i d p e r o x i d a t i o n . O n the o ther h a n d , 

0.1 m M a m i n o g u a n i d i n e w a s able to o n l y p a r t i a l l y p r e v e n t the d a m a g e c a u s e d b y F e 2 + / a s c o r b a t e i n 

terms of s p e r m parameters . In contrast, a l t h o u g h the s p e r m ta i l integr i ty t e n d e d to be greater i n s p e r m 

samples s u p p l e m e n t e d w i t h a m i n o g u a n i d i n e , there w e r e n o differences a m o n g the latter a n d c o n t r o l 

g r o u p treated w i t h F e 2 + / a s c o r b a t e , w h i c h is l i k e l y d u e to the v a r i a b i l i t y a m o n g repl icates . T h e b o a r 

s p e r m p l a s m a m e m b r a n e s h o w s l o w to lerance to the h y p o o s m o t i c c o n d i t i o n s , w h i c h v a r i e s across 

breeds a n d be tween boars w i t h i n the same breed [54]. In this w a y , despite the fact that w e u s e d p o o l e d 

semen i n order to reduce the male var iab i l i ty , factors, s u c h as the boar a n d breed, m a y have in f luenced 

o u r results b y increas ing the v a r i a b i l i t y a m o n g replicates. 

A n o t h e r i m p o r t a n t f i n d i n g of this s t u d y is that a m i n o g u a n i d i n e protects the acrosome i n t e g r i t y 

as s h o w n b y the t w o techniques e m p l o y e d . It is w e l l k n o w n that acrosome i n t e g r i t y is a requis i te for 

the acrosome reac t ion , w h i c h m u s t o c c u r i n a t i m e l y m a n n e r i n o r d e r to a l l o w the p e n e t r a t i o n of the 

s p e r m a t o z o o n t h r o u g h the p r o t e c t i v e bar r ie r s of the oocyte [55]. I n the p o r c i n e species , a p a r t i a l l y 

i n d u c e d acrosome reaction i n the p r e i n c u b a t i o n or fer t i l iza t ion m e d i a has been f o u n d to be a n i m p o r t a n t 

cause of p o l y s p e r m y , w h i c h is one m a j o r cha l l enge i n the ass is ted r e p r o d u c t i v e t e c h n o l o g i e s of this 

species [56]. T h e e x p o s u r e of b o a r s p e r m a t o z o a to a R O S g e n e r a t i n g s y s t e m tr iggers the acrosome 

react ion [57], w h i c h m a y l e a d to r e d u c e d f e r t i l i z i n g potent ia l . Based o n o u r f i n d i n g s , w e can therefore 

speculate that a m i n o g u a n i d i n e m a y increase the f e r t i l i z a t i o n p o t e n t i a l of p o r c i n e s p e r m a t o z o a b y 
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p r e v e n t i n g a precoc ious acrosome react ion u n d e r o x ida t ive stress. Fur ther s tudies , s u c h as the i n v i t r o 

a n d i n v i v o fer t i l iza t ions , are n e e d e d to test o u r h y p o t h e s i s . 

I n c o n c l u s i o n , the f i n d i n g s f r o m this s t u d y d e m o n s t r a t e that a m i n o g u a n i d i n e m o s t l y abol ishes 

the d e l e t e r i o u s effects of o x i d a t i v e stress i n b o a r s p e r m a t o z o a u n d e r i n v i t r o c o n d i t i o n s . D u e to 

its a n t i o x i d a n t capaci t ies , a m i n o g u a n i d i n e preserves the b o a r s p e r m m o t i l i t y , reduces the l i p i d 

p e r o x i d a t i o n , a n d protects the p l a s m a m e m b r a n e a n d a c r o s o m e i n t e g r i t y u n d e r o x i d a t i v e stress. 

Interestingly, 1 m M a m i n o g u a n i d i n e m o s t l y e l iminates the negative effects of ox idat ive stress as, except 

for the l i p i d p e r o x i d a t i o n , a l l s p e r m parameters d i d not differ or even s h o w e d better per formance t h a n 

those of contro l samples w i t h o u t the R O S - g e n e r a t i n g system. A s n o cytotoxic effects were observed i n 

a n y s p e r m parameters , o u r results suggest that a m i n o g u a n i d i n e c o u l d be u s e d as a n effective i n v i t r o 

therapeut ic agent for the treatment of s p e r m d i s o r d e r s associated w i t h o x i d a t i v e stress. 

Supplementary Materials: The following are available online at http: / /www.mdpi.com/1999-4923 /10 /4 /212/s l , 
Supplementary Dataset 1. Dataset of boar sperm parameters under induced oxidative stress (CTR except) and 
supplemented w i t h aminoguanidine. 
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