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A B S T R A C T

Crude glycerin is the main by-product of biodiesel industry and has great potential for reducing the feed costs in
ruminant feedlot systems without affecting animal health and performance, mainly as a replacement for corn
grain. The objective of this study was to evaluate the effects of increasing inclusions of crude glycerin (up to
30%) in diets for crossbred feedlot lambs in two different periods (adaptation and finishing) on the rumen
morphometric and liver variables. Fifty-five 3-month-old crossbred lambs were randomly allocated in individual
pens indoors, assigned to a complete randomized block design and fed with four experimental diets, containing
0, 10, 20 or 30% crude glycerin. Three animals were slaughtered at the end of the pre-adaptation period (d0),
twelve at the end of the adaptation period (d14), and the remaining (n=40) when they reached approximately
35 kg BW. After slaughtered, the stomach compartments and liver were collected and evaluated. All stomach
compartments, number of rumen papillae and mitotic index were higher for the finishing period (P < 0.05).
Crude glycerin treatments showed greater rumen weights when compared to control treatment (G0 vs G,
P=0.01) in the finishing period. The increasing inclusion of up to 30% of crude glycerin/kg DM in diets for
crossbred lambs did not compromise the stomach compartments and rumen papillae measurements in both
periods of the feedlot. No clinical manifestations resulted from ruminal acidosis (such as liver abscess, ruminitis,
and lesions in the ruminal mucosa) were observed in any period and treatment studied. Thus, we conclude that
the replacement of corn cracked grain by crude glycerin (up to 30% DM) was effective in the animals’ adaptation
to concentrate-based diets.

1. Introduction

Abrupt changes in diets, as well as the high inclusion of starch-rich
cereal grains, adversely affects the animal performance in the two first
weeks of the feedlot, mainly due to ruminal acidosis (Nagaraja and
Titgemeyer, 2007; McCann et al., 2016). Changes in feeding behavior
with reduced feed intake (Missio et al., 2010) and clinical manifesta-
tions such as laminitis, liver abscesses, ruminitis, and inappropriate
ruminal fermentation (Dirksen, 1985; Resende Junior et al., 2006) are
prevalent when animals are adapted for less than 14 days, or when they
do not receive a correct adaptation to the diets (Brown et al., 2006).

The rumen epithelium has several physiological functions, such as
the absorption and metabolism of nutrients and microbial by-products
(volatile fatty acids). The rumen papillae increase the surface area for
the absorption and microbial attachment to the rumen wall, playing a
significant role in animals’ feed intake and weight gain (Galfi et al.,
1991; Kern et al., 2016). Although concentrate-rich diets may stimulate

the development of ruminal papillae more than roughage-rich diets
(Stobo et al., 1966), lesions in the papillae caused by acidosis may
compromise the animal performance.

Crude glycerin has been evaluated as a macro-ingredient, and it is
considered safe for use as animal feed (FDA, 2006, 21 C.F.R.582.1320),
with potential to reduce feed costs in ruminant production systems,
without causing negative effects on animal performance, when replaces
corn grain (Ezequiel et al., 2015; van Cleef et al., 2015; Almeida et al.,
2017). This by-product can prevent metabolic disorders, avoiding se-
vere reduction of the ruminal pH and the development of rumen
acidosis, due to its fermentation profile (Polizel et al., 2013; Favaro
et al., 2015). The larger portion of crude glycerin (∼43%) is rapidly
absorbed by rumen papillae, whereas 25–45% are fermented to buty-
rate and propionate by alternative fermentative pathway (via succi-
nate), and do not generate lactic acid, benefiting the rumen develop-
ment and improving the feed efficiency (Krehbiel, 2008; Omazic et al.,
2015).
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However, the adequate levels of crude glycerin in the adaptation
period and the consequences for the finishing period are still unknown.
We hypothesized that crude glycerin could provide an alternative to
totally replace corn grain, without affecting animal health. Thus, the
objective of this study was to evaluate the effects of increasing inclu-
sions of crude glycerin (up to 30%, DM basis) in diets for crossbred
feedlot lambs in two different periods (adaptation and finishing), on the
rumen morphometric and liver variables.

2. Materials and methods

The Institutional Animal Care and Use Committee of the São Paulo
State University approved all experimental protocols adopted in the
current study (approval number: 06329/14).

The present study was carried out at the Animal Unit of Digestive
and Metabolic Studies in the Department of Animal Science from São
Paulo State University, Jaboticabal campus, Brazil. Fifty-five 3-month-
old crossbred (Santa Inês×Dorper) male lambs (17.8 ± 0.9 kg BW)
were randomly allocated in individual pens (1.2 m2) indoors and as-
signed to a complete randomized block design (by initial BW). The
experimental design was four levels of crude glycerin treatments by
three-time periods of feedlot (pre-adaptation, adaptation, and fin-
ishing). The treatments were: G0 (control treatment, without crude
glycerin), G10 (10% of crude glycerin, DM basis), G20 (20% of crude
glycerin, DM basis) and G30 (30% of crude glycerin, DM basis).

Within 24 h of arrival, the animals were vaccinated and dewormed.
During the seven subsequent days, animals were submitted to a pre-
adaptation period, when they were fed ad libitum a standard forage-
based diet, composed of corn silage (95%), soybean hulls, soybean
meal, urea and minerals (Table 1). This period was crucial to standar-
dize the animal feeding and ruminal microflora before starting the ex-
perimental period. After pre-adaptation period three random lambs
were slaughtered (d0) to serve as the initial baseline for comparisons
with the future results. The remaining animals (n= 52, 17.9 ± 0.5 kg
BW) were fed with four experimental diets containing increasing in-
clusions of crude glycerin for a 14-d adaptation period. It was used

three step-up diets (four days to diet 1; five days to diet 2 and five days
to diet 3) containing increasing levels of concentrate (diet 1=20%,
diet 2=40% and finishing diet= 60%, Table 1).

After the adaptation period (d14), three lambs from each treatment
(n= 12) were randomly selected and slaughtered to evaluate the effect
of crude glycerin during this period. The remaining animals (n= 40,
21.7 ± 2.7 kg BW) continued being fed their respective experimental
diets until reached approximately 35 kg BW, and then they were har-
vested. The total period of trial lasted, on average, 59 d.

Experimental diets were formulated to be isonitrogenous (% CP)
and isocaloric (Mcal/kg EM), according to recommendations of NRC
(2007), and were offered to the lambs ad libitum. Diets were composed
of corn silage (roughage source), and corn cracked grain, soybean hulls,
soybean meal, urea, crude glycerin (except the control diet), mineral-
vitamin premix, limestone, and dicalcium phosphate, as concentrate.
The crude glycerin was obtained from a commercial soybean oil and
meal production plant. Lambs were fed twice daily (0800 and 1600 h)
and had ad libitum access to water. The concentrate and corn silage
were weighed separately daily and mixed with crude glycerin at the
moment of feed delivery, feeding animals 50% of total mixed ration in
each meal.

Three animals were randomly selected and slaughtered at the end of
pre-adaptation period (d0), twelve at the end of adaptation period
(d14), and the remaining ones (n=40) when they reached approxi-
mately 35 kg BW. All the animals were subjected to a 16-h fasting
period and body weights were recorded to determine the shrunk final
BW. The lambs were stunned by brain concussion, using a non-pene-
trating bolt pistol. Bleeding was performed by severing the carotid ar-
teries and jugular veins immediately after stunning. After evisceration,
rumen, reticulum, omasum and abomasum were emptied, washed and
weighed. The rumen received a score according to the incidence of
lesions using a scale of 0 (no lesions noted) to 10 (severe lesions and
abnormalities), as described by Bigham and McManus (1975). At
slaughter, each liver was examined and scored regarding of the size and
number of abscesses (A-= 1, A= 2 and A+=3), according to Brink
et al. (1990). Edible livers without abnormality were labeled as normal

Table 1
Ingredients and chemical composition of experimental diets.

Item Pre-adapt diet Adaptation diets 1a Adaptation diets 2a Finishing dietsa

G0 G10 G20 G30 G0 G10 G20 G30 G0 G10 G20 G30

Ingredients (% DM)
Corn silage 95 80 80 80 80 60 60 60 60 40 40 40 40
Corn cracked grain 0 15 10 5 0 30 20 10 0 30 20 10 0
Soybean hulls 1.5 1.0 1.0 1.1 1.1 3.6 3.2 2.8 2.2 7.8 7.2 6.3 4.5
Soybean meal 1.9 2.4 2.2 1.8 1.6 5.0 5.0 5.0 5.2 20.6 21.0 21.6 23.1
Urea 0.5 0.7 0.9 1.1 1.3 0.4 0.7 1.0 1.3 0.6 0.9 1.1 1.3
Crude glycerinb 0.0 0.0 5.0 10.0 15.0 0.0 10.0 20.0 30.0 0.0 10.0 20.0 30.0
Mineral premixc 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.5 0.5 0.5 0.5
Limestone 0.4 0.3 0.3 0.3 0.3 0.4 0.3 0.4 0.4 0.5 0.5 0.5 0.5
Dicalcium phosphate 0.2 0.1 0.2 0.3 0.3 0.2 0.3 0.4 0.4 0.0 0.0 0.0 0.2
Chemical composition
DM, % 33.4 42.2 42.3 42.5 42.6 53.9 54.2 54.5 54.8 65.8 66.1 66.4 66.6
CP, % DM 9.4 10.3 10.3 10.3 10.3 10.9 10.9 10.9 10.9 17.7 17.7 17.7 17.7
ME, Mcal/kg DMd 2.3 2.4 2.4 2.4 2.4 2.6 2.6 2.6 2.6 2.7 2.7 2.7 2.7
Starch, % DM 22.5 32.2 27.8 23.4 18.9 41.0 32.1 23.3 14.5 37.3 28.5 19.7 10.9
EE, % DM 3.1 3.2 3.0 2.8 2.7 3.3 2.9 2.6 2.2 3.0 2.7 2.3 2.0
aNDF, % DMe 52.0 45.8 45.1 44.4 43.7 39.8 38.0 36.3 34.5 34.8 33.0 31.1 28.7
ADF, % DM 33.5 28.7 28.5 28.3 28.1 24.1 23.5 22.9 22.2 19.2 18.5 17.7 16.5
Ca, % DM 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
P, % DM 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

a Experimental diets: G0, control diet; G10, inclusion of 10% crude glycerin; G20, inclusion of 20% crude glycerin; G30, inclusion of 30% crude glycerin.
b Composition per kg: glycerol (830 g), DM (950 g), CP (11 g), salts (60 g) and methanol (< 0.1 g).
c Composition per kg: P (75 g), Ca (223 g), S (10 g), Zn (3 g), Na (60 g), Co (20mg), I (40mg), Se (24mg), F (750mg), Mg (5 g), Mn (1,8 g), Fe (402mg), Vit A

(312.500 UI), Vit D (50.000 UI), Vit E (437 UI).
d Metabolizable energy (Mcal/kg DM) was calculated using NRC (2007).
e NDF assayed using heat stable α-amylase and expressed inclusive of residual ash.
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and received the grade 0.
Two fragments (1 cm2) of each rumen were collected from the

cranial region of the ventral sac. One fragment was immediately placed
into a phosphate buffer solution (0.1M, pH 7.4) and cooled for mac-
roscopic analysis. The other fraction was fixed with Bouin solution for
24 h and kept in alcohol solution (70°), until histological routine pro-
cessing in paraffin (Daniel et al., 2006; Resende Junior et al., 2006).

The macroscopic morphological variables evaluated at rumen wall
were: the number of papillae per cm2 of wall (NOP); average papillae
area (APA); total absorptive surface area per cm2 of wall (ASA) and
papillae area (PA), expressed as a percentage of ASA. The NOP was
manually counted by 3 independent trained evaluators, and 10 papillae
were randomly sectioned at the base of each fragment, scanned and the
APA was measured using the UTHSCSA Image Tool software (The
University of Texas – Health Science Center, San Antonio, TX, USA).
The rumen wall ASA (cm2) and PA (% of ASA) were calculated as fol-
lows: ASA=1+ (NOP * APA) – (NOP * 0.002) and PA = (NOP * APA)
/ (ASA) * 100, where the number 1 represents the 1-cm2 fragment
collected and 0.002 is the estimated basal area of papillae.

The other fragment (1 cm2) was microscopically evaluated for the
proportion of epithelial basal cells undergoing mitosis. Three separate
papillae of each sample (animal) were stained with hematoxylin and
eosin, embedded in paraffin wax and sectioned. The mitotic index (MI)
was calculated by dividing the number of cells showing mitotic figures
by the total number of nuclei on the epithelium basal layer.

Feed samples (pooled within treatment) of each experimental
period (pre-adaptation, adaptation and finishing) were analyzed for dry
matter (DM; method 930.15), crude protein (CP; method 988.05) and
ether extract (EE; method 920.39), using standard procedures of AOAC
(1990). Starch was analyzed according to Hendrix (1993). The neutral
detergent fiber (NDF) and acid detergent fiber (ADF) contents were
estimated according to Van Soest and Wine (1967), using a heat-stable
α-amylase, without sodium sulfite, and expressed inclusive of residual
ash.

All data recorded were processed as a randomized complete block
design with animals being blocked according to initial BW. Data were
analyzed using the MIXED procedure of SAS (version 9.4), including the
CONTRAST option. The models included the main effects of treatments
(G0, G10, G20 and G30), periods (adaptation and finishing) and the
treatment× period interaction (TR×PR). Within each period, ortho-
gonal contrasts were used to assess the linear and quadratic effects of
crude glycerin, as well as the contrast between control treatment and
crude glycerin treatments (G0 vs G). The covariance structure with the
best fit (smallest Akaike's value) was the unstructured (UN). Treatment
means were computed with the LSMEANS option and significance was
defined as P < 0.05.

3. Results

There was effect of treatment (TR, P=0.01) and significant inter-
action of TR×PR (P=0.0054) for rumen weight after the finishing
period (Table 2). In this period, crude glycerin treatments showed
greater rumen weights when compared to control treatment (G0 vs G,
P=0.0110). A significant interaction of TR×PR (P= 0.0399) was
also observed for omasum weight after the finishing period. However,
without significant contrasts for linear and quadratic effects of crude
glycerin, as well as the contrast between G0 vs G (P > 0.05). Sig-
nificant differences among feedlot periods were observed for all sto-
mach compartments (rumen, reticulum, omasum and abomasum), with
the highest weights observed for the animals slaughtered after the
finishing period (P < 0.05). The increasing inclusion of crude glycerin
did not compromise the rumen and liver of the animals (P > 0.05).

Significant differences among feedlot periods were observed for the
number of papillae (NOP, P=0.02) and mitotic index (MIT, P= 0.01),
with the highest values observed for the finishing period (Table 2). Ta
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4. Discussion

The increasing body weight of the animals during feedlot reflected
in greater weight of stomach compartments (rumen, reticulum,
omasum and abomasum), thus justifying the observed difference among
periods. However, the inclusion of crude glycerin resulted in larger
rumen sizes in the finishing period, being 8% heavier compared with
the control treatment (G0 vs G). Probably, the crude glycerin may have
stimulated rumen growth due to its fermentative characteristic, mainly
by increasing the total rumen VFA (Trabue et al., 2007) with greater
molar concentrations of rumen propionate (van Cleef et al., 2015) and
butyrate (San Vito et al., 2016). The presence of VFA in the ruminal
lumen promotes the growth and proliferation of the papillae, with in-
creased absorption area, improving the removal capacity of these acids
as well as providing greater energy absorption for the animal (Sander
et al., 1959; Costa et al., 2008; Gorka et al., 2009). However, as the
effect of the crude glycerin inclusion on the area of papillae absorption
was not observed, it is assumed that the greater weight of rumen may
be due to the greater proliferation of the papillae, thus generating a
greater rumen wall surface.

The mitotic index and number of papillae of the ruminal epithelium
increased considerably during the finishing period when compared with
day 0 and adaptation period. The greater mitotic index is indicative of
cell proliferation and represents the cells in renewal cycle. This index
can be stimulated by butyric (Sakata and Tamate, 1977a, b) and pro-
pionic acid (Sakata and Tamate, 1979), however the butyric acid is far
more effective (Sutton et al., 1963; Kauffold et al., 1977). Because a
portion of crude glycerin (25–45%) is converted to propionate and
butyrate in the rumen (Krehbiel, 2008; Omazic et al., 2015) and the
propionate is a stimulator of insulin release in vivo (Sakata et al., 1980),
it is possible that insulin could be a mediator in the stimulation of
mitosis in the ruminal epithelium. According to Goodlad (1981), rum-
inal epithelial mitotic index has been shown to be stimulated by in-
travenous insulin infusions.

These results represent aspects of the adaptation physiological
process and can indicate that adaptation was correctly conducted.
However, the number of cells in the epithelium can also represent a
disturb in the rates of cell division and turnover, causing pathological
conditions such as hyperkeratosis, parakeratosis or ruminitis (Fell and
Weekes, 1975). The weight of the rumen epithelium has a clear and
major impact on the digestive capabilities and supply of substrates to
the growing ruminant (Baldwin et al., 2004). Thus, considering that the
rumen consists of a nonglandular mucosa and represents the fermen-
tative chamber where most of the digestion happens by the joint action
of the microorganisms, it can be assumed that the volumetric capacity
of the rumen determines the quantity of feed intake and that the greater
development of the muscular layer also can be associated to a greater
necessity of ruminal motility (Membrive, 2016).

The VFA are the main products formed in the fermentative digestion
and represents the greatest energy source for ruminants (50–70%). In
addition, the higher consumption may provide an increased number of
microorganisms, being an important protein source for improved an-
imal performance. Nevertheless, the VFA production is the main me-
chanism of ruminal pH reduction. When it drastically happens, and
rumen epithelium is not fully developed to absorb these products, the
consequence is the ruminal acidification. The ruminal acidosis usually
occurs during the first weeks of feedlot, and it is due to abrupt changes
in the diets with great impact in DMI and, in more severe cases, causes
animal death (Nagaraja and Titgemeyer, 2007; McCann et al., 2016;
Millen et al., 2016). As no clinical manifestations resulted from ruminal
acidosis (such as laminitis, liver abscess, ruminitis and lesions in the
ruminal mucosa) were observed, we concluded that all diets were ef-
fective in adapting the animals.

Although all treatments presented ruminitis after the beginning of
the feedlot, the scores observed were very low considering the scale
from 1 to 10, not being able to compromise the performance of the

animals. According to Owens et al. (1998), the high incidence of ru-
minitis can compromise the absorption of nutrients and consequently
reduce animal performance. A little or no evidence of liver abscess
observed in all periods indicates that there was no disorder started by
acidosis, such as ruminitis. In addition, ruminal epithelium may be the
first step in the development of future abscesses, and some ruminal
microorganisms like Fusobacterium necrophorum can migrate through
blood portal system and cause liver abscesses (Nagaraja and
Chengappa, 1998; Millen et al., 2016). According to Owens et al.
(1998), the high incidence of ruminitis can compromise the absorption
of nutrients and consequently reduce animal performance.

The initial (day 0) and final data of stomach compartments show
that changes among them were still happening. At the beginning of
feedlot (d0), rumen and abomasum represented approximately 62.3%
and 17.4% of stomach compartments, respectively, reaching 66.1% and
14.8% at the end of finishing period. According to Membrive (2016),
the rumen epithelium reaches the complete development at approxi-
mately 2–3 months of age, and it determines the absorption capacity of
the rumen. Thus, a better initial stimulus for increased rumen and pa-
pillae growth would reflect in higher ingestion capacity and higher
animal performance. A greater DMI and passage of substrates may have
stimulated the growth of omasum, justifying the higher weight in the
finishing period of the feedlot.

5. Conclusions

The increasing inclusion of up to 30% of crude glycerin/kg DM in
diets for crossbred lambs did not compromise the stomach compart-
ments, and rumen papillae measurements in both periods of the feedlot.
As no clinical manifestations resulted from ruminal acidosis, such as
liver abscess, ruminitis, and lesions in the ruminal mucosa were ob-
served in any of periods and treatments studied, we concluded that the
replacement of corn cracked grain by crude glycerin (up to 30% DM)
were effective in the animals’ adaptation to concentrate-based diets.
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