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Extended Abstract

Background: The global poultry industry is actively seeking natural, safe, and effective
alternatives to growth-promoting antibiotics, which have faced severe restrictions due to concerns
about bacterial resistance and drug residues. In this context, phytogenic compounds and their
derivatives have garnered significant attention due to their multiple biological properties, low
toxicity, and biodegradability. D-limonene, a natural cyclic monoterpene abundantly found in
citrus essential oils, is known for its antioxidant, anti-inflammatory, antimicrobial properties, and
particularly its unique ability to inhibit the aromatase enzyme (the key enzyme in the conversion
of androgens to estrogens). Furthermore, in ovo injection technology is a novel method for
intervening during critical embryonic developmental stages and directly delivering bioactive
compounds. This study was designed to investigate the effect of in ovo injection of two different
levels of D-limonene on the morphology (histomorphometry) of digestive and immune organs in
broiler chicken embryos. The primary hypothesis was that D-limonene could dose-dependently
influence the growth and differentiation of these tissues through various mechanisms, including
hormonal modulation and antioxidant protection.

Methods: This research was conducted on 160 fertile, homogeneous broiler breeder eggs (Ross
308) with an average weight of 65-68 g. The eggs were randomly assigned to a completely
randomized design into four treatment groups of 40 eggs each: Control group (C) receiving no
injection, Sham group (CW) injected with 0.1 mL of sterile distilled water, DL1 group injected
with 0.1 mL of pure D-limonene extract, and DL2 group injected with 0.2 mL of the same D-
limonene extract. Injection was performed on the fifth day of incubation via the air cell under
fully sterile conditions. On the 18" day of incubation, tissue samples were collected from the
digestive organs, including the esophagus, proventriculus, gizzard, small intestine (jejunum), and
liver, as well as the primary immune organs, including the bursa of Fabricius, spleen, and thymus.
After fixation in 10% buffered formalin, the samples underwent standard processing steps of
dehydration, clearing, and paraffin embedding. Tissue sections of 5-7 um thickness were prepared
and stained with Hematoxylin and Eosin (H&E). Histomorphometric examination was performed
using a light microscope equipped with a digital camera and image analysis software. Numerous
parameters, including epithelial thickness, muscular layer thickness, intestinal villus height, gland
diameter, hepatocyte dimensions, and the dimensions of lymphoid structures in immune organs,
were measured accurately. Data were analyzed using the one-way analysis of variance (ANOVA)
after ensuring normal distribution with the Shapiro-Wilk test; if significant, means were compared
using Duncan's multiple range test at a significance level of P < 0.05.

Results: The findings of this research revealed significant and dose-dependent changes in
response to D-limonene injection. In the digestive system, the high dose of D-limonene (DL2)
caused a significant decrease in the thickness of the muscular layer in the esophagus and
proventriculus, while simultaneously significantly increasing the diameter of the secretory glands
in these organs. In the gizzard, the low dose (DL1) significantly increased the thickness of the
muscular layer, whereas the high dose (DL2) led to an increase in the depth of the mucosal glands.
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In the small intestine (jejunum), D-limonene injection at both doses caused a significant increase
in epithelial thickness, villus height, and muscular layer thickness; the increased villus height
indicates a strong potential for improving the surface area for nutrient absorption. In the liver, the
diameter of hepatocytes and their nuclei increased significantly in the D-limonene-treated groups,
suggesting the hypertrophy of liver cells. In the immune system, the results were even more
notable. The high dose of D-limonene (DL2) caused a significant increase in the diameter of the
lymphoid nodules in the bursa of Fabricius, the diameter of the spleen's white pulp (lymphocyte-
producing areas), and the thickness of the thymic lobules' medulla. These results clearly
demonstrate that D-limonene affects not only the digestive tissues but also the development and
early maturation of the immune system.

This study convincingly demonstrates that the in ovo injection of D-limonene on the 15" day of
incubation is an effective strategy for modulating the growth and development of digestive and
immune tissues in broiler chicken embryos. The observed effects, which were predominantly
dose-dependent, are exerted through multiple interconnected mechanisms, including aromatase
inhibition, antioxidant activity, and stimulation of secretion. In summary, the low dose of
D-limonene is more beneficial for strengthening the muscular structures of the digestive tract and
improving the intestinal absorptive potential, while the higher dose has greater potential for
enhancing secretory capabilities and, particularly, strengthening and developing the primary
immune system.

Conclusion: These findings provide a solid scientific basis for considering D-limonene as a
natural growth promoter and immune modulator in poultry breeding programs, especially through
the novel technology of in ovo injection. However, to translate these laboratory findings into
practical applications at the industrial level, further studies are essential to evaluate the impact of
this intervention on growth performance, feed conversion ratio, general health, and response to
immune challenges during the post-hatch period, as well as to gain a deeper understanding of the
underlying molecular mechanisms of these effects.
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Table 1. The effect of in ovo injection of d-limonene on the tissue structure of the gonads (ovary and testis) in chicken

embryos.
Exc!uded Eggs Number of Formed Testicular Number of Formed Ovarian Number of Fertile Treatment
g popss olaws Gonads Gonads Eggs s
ol aay olS S sl Oless 2lS S olaws 155 dlaws ol ¢ p0 e
Control (No Injecti
7(17.5%) 10 (25%) 23 (57.5%) 40 ((’;fi 251)??;);)
Sterile Distilled Water
8 (20 %) 11 (27.5%) 21 (52.5%) 40 ; IPJECU?H
(ke OF Gy3) ¥ 8
0.1 ml D-limonene
5 (12.5%) 25 (62.5 %) 10 (25%) 40 . Injection )
D9l sd e <IN 305
0.2 ml D-limonene
4 (10%) 31 (77.5%) 5(12.5%) 40 Injection

s gl IV G5

3l 5 Walass it Sl Sy 5155 0n U (sl Joho
spn b el dsr a5 Laylyd 13 Yoams 4 A3l (gjlop el
Sharpe, 1994; Surai, ) sl odd (5)l55 pae wloS
(2002
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28 Gl Wlse ilojl lajles & simd e
ool 3Skas 5 5L o ignysm Candy 3 slasus ol
Oygods Alg o Olyess cpl g dms JLE b cou |
Etches, ) wsb iy ol diodds 3 Slos b puiine
(1996; Surai, 2002
50 by ULy Bl (5o o) i

posbil Jold (rnbo )lBlo ye (8L blie (o)
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(Devine & Perreault, 2012; Surai, 2002)
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Table 2. The effect of in ovo injection of d-limonene on the esophageal tissue of embryos

Gland Diameter Muscular Layer Thickness Submucosa Thickness Epithelium
(Hm) R (um) . '(Hm) . Thickness (Hm) Treatment
Syo 4 b Sy SHhas Y culbis Syo by cuolus poabinl Cuolbus Sogs
(eg,5e) (e9,5e) (yags5e) (e9,5s) 50
Control (No Injection)
131.2 £ 11.49b 139.0 £ 9.00° 139.1 £ 30.74 19.2+2.53 e
(3057 0sv) V Js
139.0 + 11.49 98.5 + 9.00° 91.6+30.74 17.7+2.53 Sterile Distilled Water Injection
R T cE e (ke ol 32,5) ¥ 8
180.8 £ 11.49° 118.0 £ 9.00° 133.5£30.74 204£2.53 0-1 ml D-limonene Injection
e o P aES Oigeddisd jrlidee <N 525
20225 = 13.28° 65.9 = 10.40¢ 68.3 +35.49 14.4+2.92 02 ml D-limonene Injection
o . . K . o R . C)SWJ‘SD ):.:J(-;L:.A ./v L}_{)}J
0.0012 0.0016 0.4007 0.4799 P-Value

P> 0.05) dsud (g,lol I ime BWS] JBB S e g y> (gl slo 3y Silio ¢ygin yo 53 bilosis @8l)] Hlxe il ool £ 1 Soko s jguoty dlio a-c
a-c Means with different superscripts within a column are different significantly (P < 0.05).

PO RIS u.st_c aY Colbus (P= +/-YOR)
DL2og)5 5 ol Jlade cpyieS 5 €85 )13 (geddcsd
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05,5 93 yB 43 sdao iy DA b ¢ Plde )5 (P <+/++4))
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Table 3. The effect of in ovo injection of d-limonene on the proventriculus tissue of embryos

Proventriculus Gland Diameter Proventriculus Muscular Layer

Proventriculus Epithelium

(nm) Thickness (um) Thickness (pm) Treagem
(iossSee) odmosiey 302 5 (stagSao) oo sy (it &Y s (siagySe) odmot palipl sl s
023+ 8.14° 592.8 +8.17° 233+ 175 Control (No Injection)
o A T (305 92V Jms
Sterile Distilled Water
87.5 +8.14° 121.5+£8.17° 21.0+1.75* Injection
(o o 30)5) ¥ s
0.1 ml D-limonene
107.2 +8.14° 540.0 + 8.17° 21.0+1.75° Injection
Osedsd gl IV Bo)p
0.2 ml D-limonene
107.0 + 8.14° 480.3 £8.17° 18.7+1.75° Injection
gl sd e IV B0y
0.0009 0.0001 0.0359 P-Value

(P> 0.05) disud (ol ls ime U] J3B S yidio Cgy> syl (clo 01 Silio ¢ygiw o 4> Wilosd @8l)) Jlxo il youl £ 1 Sobo @ ygu0 4 pr3lie a-c
a-c Means with different superscripts within a column are different significantly (P > 0.05).
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Table 4. The effect of in ovo injection of d-limonene on the gizzard tissue of embryos

Muscular Layer Thickness ~ Mucosal Gland Diameter Mucosal Gland Depth Gizzard Epithelium
(um) (um) (um) Thickness (um) Treatment
Shas Y cubs O (b dae s O (bbb dae 3as OIS poabinl Coolbus Slass
(2e95590) S (2e9,54) (522955) (2e9,54)
Control (No Injection)
674.5 + 38.5% 21.5+44 148.6 £ 22.1% 51+1.2 L
(BF og0) V I8
Sterile Distilled Water
586.2 + 38.5 172+44 121.3 £22.1% 46+12 . Injection
(e Ol 32)5) ¥ J S
0.1 ml D-limonene
Injection
750.1 +38.5% 23.8+44 108.9 £22.1° 58+1.2 AWy AR
Ogedie
0.2 ml D-limonene
Injection
694.4 + 38.5% 21.8+44 155.5+22.1* 57+12 Sdke 1Y G5
Osedie
0.0007 0.2510 0.0478 0.5267 P Value

(P >0.05) dituds )bl o sine BMB] 818 S iie gy (shyly (gl 1 Silio ¢y o 45 ilonds &)l jlre CBlioul E 4 Ske &jgods yolie a-C
a-c Means with different superscripts within a column are different significantly (P > 0.05)..

odiS usl.s)) stboB)f 2 ol A_JA> C.‘a.w d‘){ R0 )L.m)
W)l oyt 9 <L il Bl ()l dne y5bos (ged — 6
g3 Cuolius 4 ST(P = +/++YA) L osalie DLI 09,5 )
b laisime Slymss )8 jlab g Bos (uomen 9 bojp
£8355 ()Y oSuwse) (SMae Y Cuobrs Lol cisly L
09,5 9V U8 09,5 il yudin ()3 dxe yobo 4 DL1 09,5

(P=1¥Y) 390 S

SasS 039y by Bl iise gblod U
(gi33)
Ll b, g bjy b il ¢gjs (8L gblie
Sl pged6d a3 0l lis ool (slalgiwl paulin]
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Y JsS 098 5l b (gyld gme yebay DL2 4 DLI
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Table 5. The effect of in ovo injection of d-limonene on the intestine tissue of embryos

Muscular Layer Crypt Diameter Crypt Depth Villus Villus Height Intestinal Epithelium
Thickness (um) (um) (um) Thickness (pum) (um) Thickness (pum) Treatment
i Y Culbus 039y CagyS lad 039y Cug yS (Gos 039y 5y Cualiud 039y 5y £l 039, poudinl Culs o
(52295%2) 039, (309554) (e9,55) (e9,55) (52955%) (52955%)
Control (No
Injection)
118.4+10.5° 49.4+5.8 153.9+15.6 49.0+5.1 542.4 +45.7° 10.4 +0.97° Oek) V S
(305
Sterile Distilled
Water Injection
115.9 £10.5° 514+58 162.2+15.6 45.6 5.1 524.9 £45.7° 9.8£0.97° T anp) Y Js
0.1 ml D-limonene
Injection
134.1+10.% 553+538 152.8 £ 15.6 50.7+5.1 606.0 + 45.7% 11.3+0.97° AEWRYAR
igedied
0.2 ml D-limonene
Injection
127.3 £10.5% 52.1+5.38 144.8 £ 15.6 50.9+5.1 598.8 £45.7° 11.2+0.97° sl 1Y Goy5
gedied
0.0330 0.4582 0.4781 0.4938 0.0028 0.0373 P Value

(P> 0.05) siwn &bl I gre BB 181 S e By (gl)h sl 1 Slo i o 5> ilonds &) Hlre Cilyoul Sl Cjgo 4 yo0lde a-C
a-c Means with different superscripts within a column are significantly different (P < 0.05).
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Table 6. The effect of in ovo injection of d-limonene on the liver tissue of embryos

Sinusoid Diameter (pm) Hepatocyte Diameter (um) Hepatocyte Nuclear Diameter (um) Treatment
(e9)50) 99 ylab (e9)5s0) Cmwgiln Jlab (09)5s0) Comwgilit s Jlab Jboss
Control (No Injection)
29.63 +4.09° 8.25 £ 0.69° 3.49+0.21° P
(BuF 094) V IS
Sterile Distilled Water Injection
9.86 + 4.09° 7.65 £ 0.69° 3.33+£0.21° T e
(e ol 32)5) ¥ U8
1475 + 4,09° 10.41 £ 0.69° 4334021 0.1 ml D-limonene Injection
Tsd a0 B0 diss ke -1 3253
1729+ 4.09° 1057 £ 0.69° 5100210 0.2 m! D-limonen lnjection
294 570 100 s ik Y 50,5
0.0042 0.0001 0.0001 P Value

(P> 0.05) sizad gkl 5 gime BMS] 386 S i Bgyn gl slacpSibe oygiw p 40 Wlors dll Hlae Blysul £ 1Sl g 4 pdlie a-C
a-c Means with different superscripts within a column are significantly different (P < 0.05).
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Table 6. The effect of in ovo injection of d-limonene on the immune system tissues of embryos
Bursa of
Spleen Red B f Fabrici Fabricius
Thymic Lobule Thymic Lobule Spleen White puﬁ) %&mgter L;:;g}?oid%\]ggﬁg Epithelium
N I\l/(ledulléa ) N 1Sm’tex( ) Pulp(Dia;neter (um) Diameter (um) Thickness (um) Treatment
Thickness (um Thickness (um pm LB i ) eloosS ola ulin] Coolbes
s i3 - s n . s P8y kb ol slooyS b P ;
Jod S50 canlies  Jod pid Cubs  diw Lo ylad o s Sloss
(5esSee) rogosd (egySen) rogesd (egySes) Jlibo J R ol s
(a9:50) (sra9:5) s
(52955%)
Control (No
260.2 £21.2¢ 185.2 £21.5° 136.8 £ 19.5% 137.4+£6.26 238.8 £40.4° 40.9+3.8 {njectlon)
(G5 oo I8
Sterile Distilled
N . . . Water Injection
278.5+21.2 196.1 £21.5 109.4 £ 19.5 101.9 £6.26 203.3+40.4 31.8+3.8 YJ)MSJaMui Gy
(ke & 32,53)
0.1 ml D-limonene
X . " . Injection
370.9 £21.2° 182.4£21.5 149.9 £ 19.5 133.4+£6.26 233.8+40.4 39.1+3.8 e /N Goyp
Oigedisd
0.2 ml D-limonene
Injection
428.9 £24.4 248.1 £24.8° 221.7+£225 86.2 +30.8 472.5 £ 46.7 34.1+4.4 )“jg[m .Y G0y
oed —e
0.0001 0.0001 0.0001 0.538 0.005 0.36 P Value

(P> 0.05) s (glol o me B3] 188 S jtita g (sl (slouils gt o )3 o 1)) e Gl sl £ Sk o jguo 4 polie A-C
a-c Means with different superscripts within a column are significantly different (P < 0.05).
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