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Simple Summary: Tannins are plant-derived secondary metabolites with both antinutri-
tional and bioactive properties, influencing nutrient metabolism, animals’ performance,
and product quality. This meta-analysis of 97 studies assessed the effects of dietary tannin
in small ruminants and showed improvements in nutrient intake, nitrogen metabolism,
and meat fatty acid profile, including omega-6 and omega-3 fatty acids. However, tannins
affected nutrient digestibility, ammonia nitrogen levels, and certain carcass characteristics.
Although tannins did not significantly affect productivity or antioxidative status, they
proved effective in modulating nitrogen utilization and enhancing meat quality.

Abstract: Tannins are secondary metabolites naturally present in various plants as a de-
fense mechanism. In animal nutrition, they play a dual role, acting as both antinutritional
factors and bioactive agents, with potential benefits in nutrient metabolism and product
quality. This meta-analysis aimed to evaluate the effects of dietary tannin on nutrient
intake and digestibility, blood serum metabolite levels, growth performance, carcass char-
acteristics, and meat quality in small ruminants. Ninety-seven studies were included in
this meta-analysis. The effects of tannins were analyzed using a random-effects model to
determine the weighted mean difference between treatments with tannins and the control
(without tannins). Publication bias and heterogeneity between studies were explored, and
meta-regression and subgroup analyses were performed. The results indicated that tannin
significantly increased the intake of dry matter, crude protein, nitrogen (N), fecal N, and
meat fatty acids (FA), such as C18:2 ω6, C18:3 ω3, C20:4 ω6, C20:5 ω3, total ω3 and ω6
FA, and total polyunsaturated FA (PUFA). However, NH3-N, urinary N, blood urea nitro-
gen, cold carcass weight, subcutaneous fat thickness, drip loss, and nutrient digestibility
decreased. In conclusion, tannin in small ruminants did not affect animal productivity and
antioxidative status, but mainly modified nitrogen metabolism and improved the fatty acid
profile of meat.

Keywords: tannins; sheep; goat; intake; digestibility; antioxidant; meat quality; fatty
acid profile
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1. Introduction
Small ruminants are major contributors to the income of people in rural areas

and are managed in rangelands, primarily under extensive and semi-extensive grazing
systems [1]. However, rangelands face several challenges, including land degradation,
reduced biodiversity, and water scarcity, which negatively affect animal productivity and
the environment [2,3]. This has raised the need to exploit alternative feed resources that are
both cost-effective and environmentally sustainable [4–6]. These alternative feed resources
include agricultural and industrial byproducts and unconventional plant sources that can
supply essential nutrients without straining existing resources. Generally, these alternative
feed resources are highly concentrated in plant secondary compounds, such as tannins [7].
Tannins are a diverse group of polyphenolic compounds that are mainly classified as con-
densed (CT) and hydrolyzable (HT) according to their chemical structure. CTs are oligomers
and polymers of connected flavan-3-ol units, whereas HTs are polyol cores attached to
gallic acid or ellagic acid esters [8]. Tannins are reported to be environmentally friendly,
as they minimize the ruminal production of enteric methane (CH4) while improving the
growth rate and feed conversion efficiency [9]. Moreover, nitrous oxide (N2O) emissions
from livestock systems can be manipulated using tannin-rich plants because of their ability
to form complexes with proteins and carbohydrates in the rumen [10].

In the meat industry, the economic value of animals is primarily defined by carcass
weight, dressing percentage, and fat [11]. Tannins present in small ruminant diets have
been linked to alterations in these parameters, particularly their effects on feed intake
and digestibility, growth performance, and meat quality [12–16]. Additionally, tannins
can interact with muscle proteins, thereby affecting the water-holding capacity, which is a
critical determinant of meat juiciness and tenderness [17]. Color is also important because
it affects sensory acceptability and visual appeal [17]. Several studies have demonstrated
the positive effects of tannins on carcass characteristics and meat quality. However, these
results are inconsistent and contradictory. Owing to their antioxidant properties, tannins
have been reported to either prevent lipid oxidation and improve color stability in meat
or have no impact, depending on their inclusion level [16]. Moreover, tannins have been
reported to either inhibit FA biohydrogenation or enhance ∆9-desaturase activity in ru-
minant muscles [18]. This activity consistently leads to an increase in conjugated linoleic
acid (CLA), including trans-11 18:1 (VA: vaccenic acid), and the preservation of dietary
polyunsaturated FA (PUFA) [18]. These changes have been linked to a reduced incidence of
diabetes and cancer and improved cardiovascular health among consumers [18]. Variations
in carcass and meat fatty acid profiles when tannins are included in ruminant diets vary
according to the literature and may be attributed to factors such as animal age and species,
type and level of tannins administered, feeding duration, the composition of the basic diet,
and overall management of the production system [18].

Small ruminants, especially goats, are considered more tolerant to tannins than larger
ruminants, probably because of their evolutionary adaptation to browsing trees and shrubs,
which often contain high levels of tannins [13,15,19]. Some authors have suggested that the
exposure of goats to CT enhances the secretion of proteins in the parotid saliva. Parotid
salivary protein levels vary according to tannin concentration and animal species [20]. It
was significantly lower in goats (212 µg/mL) fed no CT wheat-straw-containing diet than in
goats (550 µg/mL) fed Ceratonia silique higher CT-containing diet. Moreover, compared to
cattle and sheep, goat parotid saliva is rich in glycine (6.1%), proline (6.5%), and glutamine
(16.5%), which are known to enhance the affinity of proteins for CT because of the formation
of stable complexes within the pH range of their digestive apparatus [20]. Tannin-proline-
rich protein complexes reduce the negative influence of protein-tannin binding on feed
taste and intake. They may also mitigate the detrimental effects of tannins on ruminal
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microbiota and their enzymatic activity [21]. Streptococcus caprinus, isolated from goats
grazing tannin-rich Acacia species, has been shown to degrade CT, which testifies to the
ability of goats to consume high CT-containing feed [22].

Meta-analysis is a statistical tool that analyzes a combination of quantitative data
from various studies and determines the factors that influence the results, thus improving
the generalizability of conclusions [23]. Therefore, interest in the application of MA in
animal nutrition is increasing. Meta-analysis studies have already been published on the
effects of tannins on cattle as large ruminants; however, no meta-analysis has addressed the
impact of tannins, especially on goats. Moreover, there is a need to understand the effects
of animals’ initial age and weight, experimental duration, tannin concentration, type and
administration form, the level of concentrate in the diet, and most importantly, the small
ruminant species (goat and sheep) on the response to dietary tannins.

We hypothesized that tannin would enhance the productivity and nutritional value of
small ruminant meat and its potential health benefits. The objectives of this meta-analysis
were to assess the effects of tannins on small ruminant nutrient intake and digestibility,
blood parameters, growth performance, carcass characteristics, and meat quality, and to
analyze the factors that affect the response of small ruminants to tannin.

2. Materials and Methods
2.1. Literature Search and Study Selection

A comprehensive search of articles published in English was conducted to identify
studies that examined the effects of tannin-containing feed in the diet of small ruminants
on feed intake, nutrient digestibility and fermentation, blood parameters, carcass charac-
teristics, meat nutritional quality, and fatty acid (FA) profile. The process of identifying,
screening, assessing eligibility, and including studies followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) standards (Figure 1) [24]. The
keywords “tannins”, AND “goat OR sheep OR lamb”, AND “meat” were used to search
for relevant papers in Scopus, PubMed, Google Scholar, and ScienceDirect. A total of
97 articles were identified (Supplementary Table S1). Duplicate papers from more than one
database were removed using Zotero software (version 6.0.3), and only papers published
between 2000 and 2023 were retained. First, the identified papers were screened based on
their abstracts and titles. We excluded reviews and meta-analyses, publications concerning
animals other than small ruminant species, studies that examined infected animals, in vitro
experiments, and studies that did not report any variables of interest.

Second, for inclusion in the final database, the articles analyzed had to satisfy a set of
the following pre-established inclusion criteria: (1) original articles published in English;
(2) in vivo experiments evaluating the effects of tannin in small ruminants (goats and sheep);
(3) studies that did not incorporate additional dietary additives that could complicate the
interpretation of the results; (4) studies detailing the concentration of tannins or adequate
data to estimate the amount of tannins included in the diets; (5) data available on carcass
characteristics and meat quality; and (6) adequate information on the research methodology,
including animal randomization, number of animals involved, and measures of variance,
such as standard deviation or standard error.
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Figure 1. PRISMA flow chart explaining the literature search strategy and study selection for the
meta-analysis.

2.2. Data Extraction

After applying the inclusion criteria, the final database comprised 97 peer-reviewed
articles. Data were extracted for variables reported in at least three separate studies,
including the mean, number of repetitions, and standard deviation (SD) in the experimental
and control groups. When the SD was not reported, the SD value was calculated by
multiplying the standard error of the mean (SEM) by the square root of the number of
animals in each group. When a single study utilized different incorporation levels, each
level was considered a treatment and compared to the same control group.

The following variables were included in the final database: intake of dry matter
(DMI), forage (DMI-F), crude protein (CPI), neutral detergent fiber (NDFI), digestibility of
DM (DMD), CP (CPD), NDF (NDFD), acid detergent fiber (ADFD), hemicellulose (HCellD),
and cellulose (CellD). The fermentation variables were ruminal pH, NH3-N, and short-
chain fatty acids (SCFA)—such as butyrate, propionate, acetate—total volatile fatty acids
(TVFA), and the acetate: propionate ratio. The variables for nitrogen metabolism included
N intake, urine N, fecal N, and retained nitrogen. Blood metabolites included hemoglobin,
glucose, total protein, globulin, creatinine, albumin, and blood urea nitrogen (BUN), and
enzymes such as alkaline phosphatase (ALP), alanine transaminase (ALT), and aspartate
aminotransferase (AST),

For carcass and meat quality parameters, data were extracted for response variables,
including final body weight (FBW), average daily gain (ADG), feed conversion ratio (FCR),
cold and hot carcass weights (CCW and HCW); meat physicochemical parameters such as
Warner-Bratzler shear force (WBSF), cooking loss, drip loss, moisture, proteins, ash, and
fat; and color parameters such as redness (a*), lightness (L*), and yellowness (b*). The fatty
acid profiles included stearic (C18:0), oleic (C18:1 ω9), vaccenic (C18:1 t11), linoleic (LA,
C18:2 ω6), conjugated linoleic (CLA, C18:2 c9t11), α-linolenic (ALA, C18:3 ω3), arachidonic
(ARA, C20:4 ω6), eicosapentaenoic (EPA, C20:5 ω3), docosapentaenoic (DPA, C22:5 ω3),
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docosahexaenoic (DHA, C22:6 ω3), total ω3 and ω6 FA, ω6:ω3, total saturated FA (SFA),
total monounsaturated FA (MUFA), total polyunsaturated FA (PUFA), ∆9C16, and ∆9C18.

Additional information was extracted from the included papers regarding the fol-
lowing: (1) authors and publication year, (2) tannin concentration in the diet (g/kg DM),
(3) tannin type (condensed, hydrolyzable, or total tannins), (4) type of administration
(extract or present in plants), (5) the initial weight of animals, (6) their age, (7) the experi-
mental duration, (8) the country in which the study was conducted, and (9) the amount of
concentrate in the diet.

2.3. Statistical Analysis

Statistical analysis of the database was performed using a meta-analysis approach
with R software (version 4.4.1, R Core Team, Vienna, Austria). The effect of incorporating
tannin-containing feed into the diets of small ruminants was assessed by calculating the
weighted mean differences (WMD) between the diets containing tannins and control (diets
without tannins) groups with a 95% confidence interval (CI). Weighing was performed by
multiplying the treatment means by the inverse of their variance, employing the random-
effects model method suggested by DerSimonian and Laird [25].

The Chi-square (Q) test and Inconsistency index (I2) statistics were used to evaluate
the heterogeneity of the treatment effect, with heterogeneity assumed to exist when the
probability was less than 0.05 [26]. The I2 statistic measures the proportion of variation
between studies attributed to heterogeneity rather than chance, with values ranging from
0% to 100%. An I2 value < 25% shows low heterogeneity, I2 values ranging between 25% and
50% stipulate moderate heterogeneity, and I2 values > 50% signify high heterogeneity [27].

Publication bias was assessed using Egger’s regression asymmetry and Begg’s rank
correlation tests [28,29] for all outcomes, with bias considered present when p ≤ 0.05. In
cases where these two parameters were significant, Rosenberg’s fail-safe number (NF) was
applied as a third test. NFs are generally deemed robust when they exceed 5 × Ne + 10,
where Ne represents the number of papers in each treatment group [30].

Meta-regression was used to determine sources of heterogeneity if the following
criteria were met: (1) the presence of high heterogeneity (I2 statistic > 50% or p ≤ 0.10);
(2) the absence of publication bias [28–30]; and (3) response variables present in at least
10 separate studies [31]. All meta-regression analyses employed the DerSimonian and Laird
method of moments, an approach designed to estimate between-study variance. A mixed
model was used to adjust the data, with the WMD serving as the dependent variable. The
mixed-effect model was defined as follows:

θi = β + βi xij + . . . + βiq xiq + µi

where θi = the true effect treatment in the ith explanatory variable; β = the overall true
effect treatment; xij = the value of the jth variable (j = 1, 2, . . . , q) for the ith explanatory
variable; βi = change in the true size effect for a unit increase in the jth variable; and µi∼N
(0 t2). The t2 indicates the heterogeneity that is not accounted for by the variable.

Subgroup analysis was conducted to evaluate the WMD for covariates that showed
significance with a p-value ≤ 0.05. In the meta-regression analysis, WMD was evaluated
using subgroup analysis for covariates with p ≤ 0.05. The proportion of between-study
variance explained by the variables was determined using the adjusted R2. The latter vari-
able was calculated by comparing the estimated between-study variance with the variables
included in the model (σ2) and the variance when the variables were excluded (σo2).

Adjusted R2 = (σo2 − σ2)/σo2σo
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Dietary tannin concentration (0–20, 21–40, 41–100, >100 g/kg DM), animal age
(1–6, 7–12, 13–24, 25–48 months), initial weight (7–20, 21–40, 41–60, 61–71 kg), quantity
of concentrate present in the diets (<400, 400–600, >600 g/kg DM), and feeding duration
(5–30, 31–90, 91–195 days) were considered continuous covariates, whereas the continent in
which the study was conducted (North and South America, Europe, Asia, and Africa), type
of tannins (HT, CT, TT), and tannin distribution form (extract or naturally present in the
diet) were considered categorical covariates.

3. Results
This meta-analysis investigated the variable impact of tannins on small ruminant

performance, particularly focusing on their effects on carcass characteristics and meat
quality, which are substantial indicators of the economic value of livestock. The dataset
comprised 97 peer-reviewed publications with 3143 treatment means. Tables 1–4 delineate
the results of the combined effect size, heterogeneity, and publication bias of the treatments.

3.1. Intake, Digestibility of Nutrients, and Fermentation Parameters

The results revealed that tannin in small ruminant diets significantly improved DMI
and DMI-F (p < 0.001) (Table 1), whereas no significant effect was observed on CPI
(p = 0.169) or NDFI (p = 0.266). Tannins in small ruminant diets reduced all digestibility
parameters, including DMD, CPD, NDFD, and ADFD (p < 0.01), whereas no significant
effects were observed for HCellD (p = 0.181) or CellD (p = 0.576).

Concerning fermentation parameters, tannins reduced NH3-N (p < 0.001) and in-
creased butyrate (p = 0.039). No significant effects were observed for ruminal pH
(p = 0.123), acetate (p = 0.526), propionate (p = 0.261), total volatile FA (p = 0.537), or
the acetate: propionate ratio (p = 0.152).

Table 1. Effects of dietary tannin on feed intake, nutrient digestibility, and fermentation parameters
of small ruminants.

NS NC
Tannins Heterogeneity Bias (p-Value)

NFs
WMD (95% CI) p-Value I2 (%) p-Value Egger Begg NFs

Intake (g/day)
Dry matter (DMI) 66 175 0.65 (0.36, 0.95) <0.001 88.67 <0.001 <0.001 0.001 <0.001 7314
Forage (DMI-F) 10 25 0.92 (0.38, 1.46) <0.001 78.52 <0.001 <0.001 <0.001 <0.001 376
Crude protein 20 47 0.27 (−0.12, 0.65) 0.169 75.96 <0.001 <0.001 0.020 <0.001 155

NDF 23 53 0.16 (−0.12, 0.45) 0.266 63.26 <0.001 <0.001 0.084 0.002 118
Digestibility (g/kg DM)

Dry matter 38 79 −0.57 (−0.87, −0.27) <0.001 76.16 <0.001 <0.001 <0.001 <0.001 1285
Crude protein 37 79 −0.56 (−0.91, −0.21) 0.002 81.51 <0.001 0.234 0.092 <0.001 982

NDF 41 88 −0.75 (−1.11, −0.38) <0.001 84.76 <0.001 0.001 0.001 <0.001 2379
ADF 28 57 −0.84 (−1.30, −0.37) <0.001 85.10 <0.001 0.994 0.022 <0.001 1124

Hemicellulose 6 20 0.25 (−0.11, 0.61) 0.181 40.66 0.018 0.806 0.153 0.040 3
Cellulose 4 10 0.16 (−0.41, 0.74) 0.576 47.35 0.039 0.004 0.037 0.186 0

Fermentation parameters
Ruminal pH 24 52 0.20 (−0.05, 0.45) 0.123 53.22 <0.001 0.772 0.152 0.015 40

NH3-N (mg/dL) 25 54 −0.43 (−0.67, −0.18) <0.001 52.10 <0.001 0.031 0.006 <0.001 437
SCFA (mol/100 mol)

Acetate 17 36 −0.10 (−0.40, 0.20) 0.526 56.60 <0.001 <0.001 <0.001 0.160 0
Propionate 17 36 0.25 (−0.19, 0.68) 0.261 77.87 <0.001 <0.001 <0.001 0.064 0

Butyrate 16 34 0.29 (0.01, 0.56) 0.039 46.44 0.001 0.875 0.791 0.003 65
Acetate:propionate 16 35 −0.32 (−0.77, 0.12) 0.152 79.06 <0.001 <0.001 <0.001 0.010 35

TVFA 16 33 0.11 (−0.23, 0.44) 0.537 66.73 <0.001 0.927 0.549 0.156 0

NS: number of studies; NC: number of comparisons between tannins and control treatment; WMD: weighted
mean differences between treatments with tannins and control; CI: confidence interval of WMD; p-value to χ2
(Q) test of heterogeneity; I2: proportion of total variation of size effect estimates that is due to heterogeneity;
Egger’s regression asymmetry test; Begg’s rank correlation method; NFs: Rosenberg’s fail-safe number; DMI: dry
matter intake; DMI-F: dry matter intake of forage; NDF: neutral detergent fiber; ADF: acid detergent fiber; NH3-N:
nitrogen ammonia; SCFA: short-chain fatty acids; TVFA: total volatile fatty acids.
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3.2. Nitrogen Metabolism and Blood Parameters

Nitrogen metabolism was significantly affected by tannin incorporation in small
ruminant diets (Table 2). Dietary tannin increased N intake (p = 0.002), urinary N
(p < 0.001), and fecal N (p = 0.002), but had no significant effect on retained N (p = 0.146).

BUN levels were significantly reduced by tannin incorporation (p < 0.001), whereas
no significant effects were observed for hemoglobin (p = 0.152), glucose (p = 0.285), total
protein (p = 0.065), globulin (p = 0.347), albumin (p = 0.459), ALT (p = 0.120), AST (p = 0.845),
ALP (p = 0.598), or creatinine (p = 0.727).

Table 2. Effects of dietary tannin on feed nitrogen metabolism and blood parameters of small ruminants.

NS NC
Tannins Heterogeneity Bias (p-Value)

NFs
WMD (95% CI) p-Value I2 (%) p-Value Egger Begg NFs

Nitrogen metabolism (g/day)
N intake 30 62 0.52 (0.19, 0.85) 0.002 74.74 <0.001 <0.001 0.057 <0.001 924
N urine 29 59 −0.70 (−1.17, −0.23) <0.001 85.9 <0.001 <0.001 <0.001 <0.001 796
N fecal 28 53 0.74 (0.26, 1.21) 0.002 84.52 <0.001 0.002 0.008 <0.001 846

N retained 24 49 0.38 (−0.13, 0.89) 0.146 86.38 <0.001 <0.001 0.202 <0.001 237
Blood parameters

Hemoglobin (g/dL) 10 29 0.16 (−0.06, 0.37) 0.152 0 0.73 0.011 0.002 0.045 2
Total protein (g/dL) 19 51 0.18 (−0.01, 0.38) 0.065 34.12 0.004 0.448 0.909 0.013 44

Globulin (g/dL) 3 11 0.16 (−0.17, 0.48) 0.347 0 0.755 0.257 0.087 0.135 0
Albumin (g/dL) 16 44 0.09 (−0.14, 0.31) 0.459 42.75 0.001 0.35 0.279 0.148 0

ALT (U/L) 14 38 −0.18 (−0.46, 0.10) 0.12 53.16 <0.001 0.05 0.126 0.029 13
AST (U/L) 13 38 −0.02 (−0.20, 0.17) 0.845 0 0.402 0.976 0.152 0.421 0
ALP (U/L) 13 31 −0.06 (−0.26, 0.15) 0.598 0 0.195 0.894 0.613 0.309 0

Glucose (mg/dL) 20 54 0.17 (−0.14, 0.48) 0.285 71.03 <0.001 0.001 0.005 0.043 5
Creatinine (mg/dL) 14 38 0.04 (−0.20, 0.28) 0.727 34.69 <0.001 0.139 0.633 0.22 0

BUN (mg/dL) 29 73 −0.94 (−1.30, −0.58) <0.001 82.32 <0.001 <0.001 <0.001 <0.001 2639

NS: number of studies; NC: number of comparisons between tannins and control treatment; WMD: weighted
mean differences between treatments with tannins and control; CI: confidence interval of WMD; p-value to χ2 (Q)
test of heterogeneity; I2: proportion of total variation of size effect estimates that is due to heterogeneity; Egger’s
regression asymmetry test; Begg’s rank correlation method; NFs: Rosenberg’s fail-safe number; ALT: alanine
aminotransferase; AST: aspartate aminotransferase; ALP: alkaline phosphatase; BUN: blood urea nitrogen.

3.3. Growth Performance, Carcass Characteristics, and Meat Composition

Dietary tannin in small ruminant diets decreased cold carcass weight (p = 0.032), but
had no significant effect on FBW (p = 0.669), ADG (p = 0.698), FCR (p = 0.190), and HCW
(p = 0.207) (Table 3). Dietary tannin decreased drip loss (p < 0.001) and subcutaneous fat
thickness (WMD = −2.32) and increased WHC (p = 0.001). No significant effects were
observed for L* (p = 0.515), a* (p = 0.383), b* (p = 0.947), WBSF (p = 0.360), or cooking loss
(p = 0.394). No significant effects were observed for moisture (p = 0.397), protein (p = 0.682),
ash (p = 0.331), or fat (p = 0.601) contents.

Table 3. The effects of dietary tannin on carcass characteristics and physicochemical parameters of
meat of small ruminant.

NS NC
Tannins Heterogeneity Bias (p-Value)

NFs
WMD (95% CI) p-Value I2 (%) p-Value Egger Begg NFs

Carcass and growth characteristics
Final body weight (kg) 46 112 0.04 (−0.14, 0.21) 0.669 65.82 <0.001 0.299 0.223 0.259 0

Average daily gain (g/day) 53 146 0.04 (−0.17, 0.25) 0.698 78.39 <0.001 <0.001 0.050 0.039 21
Feed conversion ratio 29 73 −0.14 (−0.35, 0.07) 0.190 59.17 <0.001 <0.001 0.841 0.007 93

Cold carcass weight (kg) 17 47 −0.27 (−0.53, −0.02) 0.032 62.95 <0.001 <0.001 <0.001 <0.001 155
Hot carcass weight (kg) 43 94 −0.14 (−0.34, 0.07) 0.207 73.13 <0.001 0.291 0.054 0.009 101

Subcutaneous fat thickness (mm) 8 24 −2.32 (−4.59, −0.06) 0.012 98.99 <0.001 <0.001 0.016 <0.001 249
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Table 3. Cont.

NS NC
Tannins Heterogeneity Bias (p-Value)

NFs
WMD (95% CI) p-Value I2 (%) p-Value Egger Begg NFs

Meat physicochemical characteristics
24 h postmortem pH 79 0.22 (0.03, 0.41) 0.021 59.48 <0.001 <0.001 0.251 0.04 12

Water holding capacity (WHC, %) 8 20 0.39 (−0.51, 0.48) 0.001 6.19 0.336 0.693 0.725 <0.001 62
WBSF (kgf/cm2) 26 64 −0.43 (−1.35, 0.49) 0.36 97.45 <0.001 <0.001 0.05 <0.001 233
Cooking loss (%) 21 59 0.23 (−0.30, 0.77) 0.394 93.15 <0.001 0.001 0.326 0.006 80

Drip loss (%) 10 28 −0.46 (−0.69, −0.23) <0.001 36.22 <0.001 <0.001 0.053 <0.001 256
Moisture (g/kg) 18 45 0.10 (−0.13, 0.31) 0.397 48.94 <0.001 <0.001 0.525 0.075 0
Proteins (g/kg) 19 47 0.06 (−0.21, 0.33) 0.682 66.42 <0.001 <0.001 0.582 0.196 0

Ash (g/kg) 18 47 0.44 (−0.44, 1.31) 0.331 96.38 <0.001 0.069 <0.001 <0.001 211
Fat (g/kg) 16 41 −0.12 (−0.55, 0.32) 0.601 84.13 <0.001 <0.001 0.189 0.168 0

Meat color
Lightness (L*) 31 78 0.09 (−0.18, 0.35) 0.515 79.41 <0.001 <0.001 0.89 0.122 0
Redness (a*) 31 78 0.14 (−0.18, 0.46) 0.383 84.57 <0.001 0.017 0.085 0.014 63

Yellowness (b*) 31 78 −0.02 (−0.23, 0.37) 0.947 93.78 <0.001 0.107 0.938 0.063 0

NS: number of studies; NC: number of comparisons between tannins and control treatment; WMD: weighted
mean differences between treatments with tannins and control; CI: confidence interval of WMD; p-value to χ2
(Q) test of heterogeneity; I2: proportion of total variation of size effect estimates that is due to heterogeneity;
Egger’s regression asymmetry test; Begg’s rank correlation method; NFs: Rosenberg’s fail-safe number; WBSF:
Warner-Bratzler shear force.

The fatty acid profile was improved by tannin inclusion in the diet of small ruminants
(Table 4). Particularly, tannins increased C18:2 ω6 (p < 0.001), C18:3 ω3 (p < 0.001), C20:4
ω6 (p = 0.026), C20:5 ω3 (p = 0.021), and C22:5 ω3 (p < 0.001). Regarding the summaries,
ratios, and indices, tannins increased ω3 FA (p < 0.001), ω6 FA (p < 0.001), total PUFA
(p < 0.001), and ∆9C16 (p = 0.044), whereas no significant effects were observed for C18:0
(p = 0.139), C18:1 c9 (p = 0.065), C18:1 t11 (p = 0.168), C18:2 c9t11 (p = 0.308), C22:6 ω3
(p = 0.608), ω6: ω3 ratio (p = 0.356), total SFA (p = 0.287), total MUFA (p = 0.062), and ∆9C18
(p = 0.077).

Table 4. Effects of dietary tannin on the fatty acid profile of meat from small ruminants.

NS NC
Tannins Heterogeneity Bias (p-Value)

NFs
WMD (95% CI) p-Value I2 (%) p-Value Egger Begg NFs

Fatty acid profile (g/100 g FA)
Stearic (C18:0) 19 44 −0.39 (−0.78, −0.01) 0.139 81.42 0.043 0.004 0.117 <0.001 252

Oleic (C18:1 c9) 19 43 −0.34 (−0.87, 0.19) 0.065 89.36 <0.001 <0.001 0.225 <0.001 281
trans-Vaccenic (C18:1 t11) 11 27 0.34 (−0.14, 0.83) 0.168 80.43 <0.001 0.001 0.021 0.003 50
Linoleic (LA, C18:2 ω6) 19 44 0.76 (0.45, 1.08) <0.001 72.5 <0.001 0.246 0.044 <0.001 1268

Conjugated linoleic (CLA,
C18:2 c9t11) 13 30 0.28 (−0.25, 0.80) 0.308 85.11 <0.001 0.097 0.357 0.009 34

α–Linolenic (ALA, C18:3 ω-3) 16 37 0.85 (0.47, 1.22) <0.001 75.52 <0.001 <0.001 0.001 <0.001 918
Arachidonic (ARA, C20:4 ω6) 11 30 0.57 (0.07, 1.06) 0.026 83.83 <0.001 0.023 0.62 <0.001 289

Eicosapentaenoic (EPA, C20:5 n-3) 12 30 0.50 (0.08, 0.93) 0.021 79.57 <0.001 0.021 0.112 <0.001 224
Docosapentaenoic (DPA, C22:5 ω3) 12 33 0.62 (0.23, 1.01) <0.001 75.89 <0.001 0.001 0.045 <0.001 420
Docosahexaenoic (DHA, C22:6 ω3) 9 23 0.12 (−0.34, 0.58) 0.608 78.17 <0.001 0.805 0.832 0.133 0

Total SFA (%) 17 40 −0.20 (−0.56, 0.17) 0.287 78.59 <0.001 0.748 0.284 0.009 45
Total MUFA (%) 17 40 −0.32 (−0.66, 0.02) 0.062 75.38 <0.001 0.121 0.204 <0.001 153
Total PUFA (%) 16 39 0.90 (0.59, 1.20) <0.001 67.63 <0.001 <0.001 <0.001 <0.001 1363

Total ω3 (%) 11 27 0.72 (0.38, 1.05) <0.001 63.87 <0.001 <0.001 0.007 <0.001 437
Total ω6 (%) 11 27 0.80 (0.46, 1.14) <0.001 61.45 <0.001 <0.001 0.869 <0.001 377
ω6/ω3 ratio 10 23 0.22 (−0.24, 0.67) 0.356 78.49 <0.001 0.489 0.812 0.025 10

∆9C16 5 13 −0.56 (−1.11, −0.02) 0.044 69.04 <0.001 0.452 0.252 <0.001 51
∆9C18 5 13 −0.58 (−1.21, 0.06) 0.077 76.49 <0.001 0.77 0.858 <0.001 51

NS: number of studies; NC: number of comparisons between tannins and control treatment; WMD: weighted
mean differences between treatments with tannins and control; CI: confidence interval of WMD; p-value to χ2 (Q)
test of heterogeneity; I2: proportion of total variation of size effect estimates that is due to heterogeneity; Egger’s
regression asymmetry test; Begg’s rank correlation method; NFs Rosenberg’s fail-safe number; SFA: saturated
fatty acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid.
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3.4. Meta-Regression and Publication Bias

As observed in Tables 1–4, heterogeneity was high (>60%) for all parameters except
for HCellD (p = 0.018, I2 = 40.66%), CellD (p = 0.039, I2 = 47.35%), butyrate (p = 0.002,
I2 = 46.44%), hemoglobin (p = 0.732, I2 = 0%), total protein (p = 0.004, I2 = 34.12%), globulin
(p = 0.755, I2 = 0%), albumin (p = 0.001, I2 = 42.75%), AST (p = 0.402, I2 = 0%), ALP (p = 0.195,
I2 = 0%), and creatinine (p < 0.001, I2 = 34.69%) (Supplementary Table S2). Concerning
carcass and meat quality, low heterogeneity was observed for fat (p < 0.001, I2 = 0%), drip
loss (p < 0.001, I2 = 36.22%), and moisture (p < 0.001, I2 = 48.94%).

Following Egger’s test [28], publication bias existed for all intake and nitrogen
metabolism parameters (p < 0.01), DMD (p < 0.001), NDFD (p = 0.001), CellD (p = 0.004),
NH3-N (p = 0.031), acetate (p < 0.001), propionate (p < 0.001), acetate: propionate ratio
(p < 0.001), hemoglobin (p = 0.011), glucose (p = 0.001), BUN (p < 0.001), ADG (p < 0.001),
FCR (p < 0.001), CCW (p < 0.001), L* (p < 0.001), a* (p = 0.017), WBSF (p < 0.001), cooking
loss (p = 0.001), drip loss (p < 0.001), moisture (p < 0.001), protein (p < 0.001), fat (p < 0.001),
C18:0 (p = 0.004), C18:1 c9 (p < 0.001), C18:1 t11 (p = 0.001), C18:3 ω3 (p < 0.001), C20:4 ω6
(p = 0.023), C20:5 ω3 (p = 0.021), C22:5 ω3 (p = 0.001), total ω3 (p < 0.001), total ω6
(p < 0.001), and total PUFA (p < 0.001). However, according to Begg and Mazumdar [29],
publication bias was not significant for any of the following variables: NDFI (p = 0.084), N
intake (p = 0.057), retained N (p = 0.202), ADG (p = 0.050), FCR (p = 0.841), L* (p = 0.890),
a* (p = 0.085), cooking loss (p = 0.326), drip loss (p = 0.053), moisture (p = 0.525), protein
(p = 582), fat (p = 0.189), C18:0 (p = 0.117), C18:1 c9 (p = 0.225), C20:4 ω6 (p = 0.620), C20:5 ω3
(p = 0.112), or total ω6 (p = 0.869). For the rest of the variables where Rosenberg’s NFs was
significant (p < 0.05), its values were 7314 (DMI), 376 (DMI-FI), 155 (CPI), 1285 (DMD), 2379
(NDFD), 437 (NH3-N), 796 (urinary N), 846 (N fecal), 2639 (BUN), 155 (CCW), WBSH (233),
918 (C18:3 ω3), 420 (C22:5 ω3), 437 (total ω3), and 1363 (total PUFA), and were higher than
the Rosenthal NFs of 340 (5 × 66 + 10), 60 (5 × 10 + 10), 110 (5 × 20 + 10), 200 (5 × 38 + 10),
135 (5 × 25 + 10), 215 (5 × 41 + 10), 155 (5 × 29 + 10), 150 (5 × 28 + 10), 155 (5 × 29 + 10),
95 (5 × 17 + 10), 140 (5 × 26 + 10), 90 (5 × 16 + 10), 70 (5 × 12 + 10), 65 (5 × 11 + 10), and
90 (5 × 16 + 10), needed to declare the mean effect size significant—despite the possibility
of no publication bias [7] for these parameters. Publication bias was reported only for
hemoglobin, glucose, and C18:1 t11, where Rosenberg’s NFs of 50, 2, and 5, respectively,
were lower than 155 (5 × 29 + 10), 280 (5 × 54 + 10), and 145 (5 × 27 + 10), respectively,
required to declare publication bias.

3.5. Subgroup Analysis

The effects of age on the responses of small ruminants to tannins are shown in Figure 2
(covariate = animal age). DMI decreased (WMD = −1.67; p = 0.014) when tannins were in
the diet of animals aged 13–24 months (Figure 2A), whereas CPI increased (WMD = 0.18;
p < 0001) when tannins were in the diets of animals aged 7–12 months, and decreased
(WMD = −1.38, p < 0001) when tannins were in diets of animals aged 1–6 months (Figure 2B).
A lower (WMD = −1.61; p = 0.035) ADG was observed in animals aged 13–24 months
(Figure 2C), while CPD was higher for animals aged 7–12 months (WMD = 1.15; p = 0.033)
and 13–24 months (WMD = 2.34; p = 0.034) (Figure 2D). The age of the animals also affected
nitrogen metabolism, including fecal N, which was higher (WMD = 2.1; p = 0.039) for
animals aged 7–12 months (Figure 2E), and retained N (WMD = 1.15; p = 0.043), which
was higher for animals aged 1–6 months (Figure 2F). Fermentation parameters were also
affected by age when tannins were present in small ruminants’ diet, where ruminal pH
was higher (WMD = 0.61; p = 0.038) for animals aged 1–6 months (Figure 2G), and acetate
was lower (WMD = −1.12; p = 0.023) in animals aged 7–12 months (Figure 2H).
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Figure 2. Subgroup analysis (subgroup = age of animals) of the effect of dietary tannins on the diet of
small ruminants; WMD, weighted mean difference between tannin treatment and control. (A) Dry
matter intake (DMI; g/day), (B) Crude protein intake (CPI; g/day), (C) Average daily gain (ADG;
g/day), (D) Crude protein digestibility (CPD; g/kg DM), (E) Fecal N, (F) Retained N, (G) Ruminal
pH, and (H) Acetate (mol/100 mol).

Figure 3 shows that CPI increased (WMD = 2.85; p = 0.03) only when tannins were
supplemented at high concentration (41–100 g/kg DM; Figure 3A), whereas only moderate
tannin concentration (21–40 g/kg) increased (WMD = 1.99; p = 0.036) FCR (Figure 3B).
DMD increased with the three concentrations (WMD = 4.86; p < 0.001) for 41–100 g/kg DM,
(WMD = 4.45; p < 0.001) for 21–40 g/kg DM, and (WMD = 4.48; p < 0.001) for 0–20 g/kg
DM (Figure 3C). FBW increased (WMD = 1.05; p = 0.004) with low tannin supplementation
(0–20 g/kg DM; Figure 3D), while HCW increased with the three tannin concentrations
WMD = 1.69 (p = 0.002) for 41–100 g/kg DM, WMD = 1.26 (p = 0.013) for 21–40 g/kg
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DM, and WMD = 1.91 (p < 0.001) for 0–20 g/kg DM (Figure 3E). Tannin concentration in
the diets also affected the FA profile. C18:3 ω3 increased (WMD = 2.53; p = 0.018) with
high tannin supplementation (41–100 g/kg DM; Figure 3F), whereas C20:4 ω6 decreased
(WMD = −1.85; p = 0.032) with low tannin supplementation (0–20 g/kg DM; Figure 3G).
C22:2 ω6 decreased with the three tannin concentrations (WMD = −2.3; p = 0.008) for
41–100 g/kg DM, (WMD = −2.32; p = 0.002) for 21–40 g/kg DM, and (WMD = −2.53;
p = 0.001) for 0–20 g/kg DM (Figure 3H).Animals 2025, 15, x FOR PEER REVIEW 13 of 27 
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Subgroup analysis showed that the initial weight of the animals also affected their
response to tannins (Figure 4). Tannin supplementation decreased ADG in animals weighed
7–20 kg (WMD = −1.13; p = 0.032) and 21–40 kg (WMD = −1.6; p = 0.002; Figure 4A), but
the FCR increased for the same weight categories (WMD = 1.33; p = 0.014) for 7–20 kg
and (WMD = 1.76; p = 0.001) for 21–40 kg (Figure 4B). Urinary N increased (WMD = 2.7;
p = 0.020) in animals weighing 21–40 (Figure 4C), and ruminal pH decreased (WMD = −2.25;
p = 0.031) in animals weighing 61–71 kg (Figure 4D).
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Figure 4. Subgroup analysis (subgroup = initial weight) of the effect of tannins on the diet of small
ruminants; WMD, weighted mean difference between tannins treatment and control. (A) Average
daily gain (ADG, g/day), (B) Feed conversion ratio (FCR), (C) N urine (g/day), and (D) Ruminal pH.

Growth performance and meat quality also varied according to the continent when
small ruminants were supplied with tannins. In Europe, tannin supplementation decreased
FBW (WMD = −0.85; p = 0.008; Figure 5A) and HCW (WMD = −1.06; p = 0.003; Figure 5B).
When tannins were supplemented to small ruminants in Asia, there was a significant
decrease in acetate (WMD = −1.25; p = 0.003; Figure 5F) and an increase in C18:1 c9t11
(WMD = 1.96; p = 0.006; Figure 5C), meat pH (WMD = 1.09; p = 0.021; Figure 5D), and fecal
N (WMD = 1.31; p = 0.045; Figure 5E).
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4. Discussion
4.1. Dry Matter Intake, Nutrient Digestibility, and Growth Performance

Tannins are a group of secondary metabolites present in plants as part of their defense
mechanisms. These were initially considered anti-nutritional factors because of their effects
on feed intake and digestibility [32]. In recent years, their integration into ruminant diets
has emerged as a pivotal strategy for enhancing animal products and sustainability, given
the increased challenges of climate change, land degradation, and higher demand for
livestock products [33,34]. Some reviews have suggested that the astringent properties
of tannins in ruminant diets may reduce feed intake [32]. However, this meta-analysis
highlights that tannin supplementation improves DM and forage intake. The absence of
negative impact might be due to the average tannins dose of 41.3 g/kg DM, which was
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lower than 50 g/kg DM, reported to negatively impact intake [35]. Contrary to our results
on small ruminants, two previous meta-analyses conducted on dairy cows in production
and beef cattle reported no significant impact on intake with tannins supplemented at 9.5
and 14.61 g kg−1 DM [35,36]. Overall, these results suggest that tannins can be incorporated
into small ruminants and cattle without negatively affecting their feed intake.

Indeed, small ruminants are reported to not only withstand but also have a higher
efficiency of valorizing tannin-containing feed than cattle. Small ruminants, especially goats,
have naturally adapted as browsers and consume a wide range of vegetation, including
shrubs and trees, which typically contain high tannin levels [37]. Several reviews have
focused on tannin concentration as a probable factor of variation. While low levels have
no impact on animals’ performances, moderate levels of tannins can improve protein
utilization by protecting dietary proteins from excessive degradation in the rumen, and
higher levels may lead to negative effects on nutrient absorption and animal performance
owing to the formation of indigestible tannin-protein complexes [38]. However, in this
meta-analysis, according to the subgroup analysis, DMI did not vary according to tannin
concentration but was affected by the age of the animals. To avoid ingestion problems,
tannin-containing diets should be avoided in animals older than 13 months. Goats have
been reported to be more tolerant of tannins than sheep [37]. When evolved into tannin-rich
pastures, goats had better feed and protein use efficiency and improved weight gain than
sheep [37]. However, subgroup analysis revealed no significant difference between the
DMI of sheep and goat species.

The absence of effects on nutrient intake (CP and NDF) could indicate the consump-
tion of low-quality forage-containing tannins by small ruminants. Crude protein intake
increased with higher concentrations of tannins in the diet (41–100 g/kg DM) and for
younger animals (1–12 months). Younger animals have higher protein requirements for
growth and development than older animals [39]. They may exhibit compensatory feeding
behaviors, such as increasing their intake of tannin-rich feed to meet their protein needs.
Based on the results obtained for nutrient intake and digestibility, a higher intake of DM
may result in a shorter retention time of forage in the diet, leading to rapid rumen emptying,
which potentially influences feed digestibility [40]. The decrease in digestibility of DM,
CP, NDF, and ADF suggests that the primary effect of tannins in the rumen environment
is due to their interaction with proteins, enzymes, and carbohydrates, rather than their
astringent properties. Although tannins are known to alter certain protozoan species that
are primary producers of butyrate, this meta-analysis verified that tannins increase the
molar proportion of butyrate, which, according to Vogels et al. [41], can be associated
with protozoa, facilitating the transfer of H2 to archaea through synergistic interactions
between methanogens and ciliates. Contrary to our results, a meta-analysis conducted
by Berça et al. [42] showed that CT increased the molar proportion of propionate, which
was negatively correlated with CH4 production due to competition for H+. In the rumen,
butyrate and acetate release H+, which is used by methanogens to produce CH4, whereas
propionate competes with CH4 as an H+ sink [43].

4.2. Nitrogen Metabolism and Blood Metabolites

Ruminants have low efficiency in converting ingested proteins into animal prod-
ucts because a significant portion of this protein is wasted in the form of NH3-N in the
rumen [44]. In a subsequent meta-analysis, dietary supplementation with tannins reduced
protein degradability, which probably reduced rumen NH3-N concentration, which is
usually absorbed into the bloodstream as BUN and excreted as urea in the urine [45]. Im-
proved nitrogen utilization efficiency was expected from animals receiving dietary tannins
owing to reduced protein degradability and probable outflow and absorption in the small
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intestine. However, the higher total nitrogen elimination through fecal N was probably
due to the increased rumen-bypass proteins through their endogenous loss. The loss of
nitrogen through fecal N cancels the positive impact expected from the bypass of ruminal
proteins. However, shifting the excretion of nitrogen to feces instead of urine would benefit
the environment. Nitrogen excreted via manure is less volatile than that from urine and
has a lower chance of being converted to nitrous oxide, a greenhouse gas [46]. Therefore, in
addition to its positive effect on productivity, tannin supplementation in small ruminants
may be an interesting strategy to preserve the environment.

Subgroup analysis revealed that nitrogen use efficiency was mainly affected by the
age of small ruminants. Young animals (1–6 months) showed high retained N despite the
lower N intake, which testified to their higher N use efficiency compared to animals aged
7–12 months. In contrast, despite higher N intake for animals aged 7–12 months, these older
animals had no significant effect on N retention but only increased fecal N and ruminal
NH3-N release, which are major contributors to greenhouse gas emissions [47]. The higher
N retention in young animals may be due to the increased need to utilize proteins to protect
the intestinal epithelium against tannins. In addition to these defense mechanisms, animals
may retain proteins, such as digestive enzymes, mucus, and salivary glycoproteins, to
regenerate epithelial cells and compensate for endogenous losses in the gastrointestinal
tract [48]. The higher rumen pH for the same age category (1–6 months) confirmed the
following hypothesis:

4.3. Growth Performance and Meat Quality

In this meta-analysis, tannins did not affect ADG, FCR, HCW, or FBW, probably
because the digestibility of proteins decreased in response to dietary tannins, despite
compensation by higher intake. Thus, according to the following meta-analysis, despite the
presence of tannins in the diet, small ruminants have low protein use efficiency. Similar
results were reported in a meta-analysis of lactating cows having tannins [36]. In the
subgroup analysis, a lower ADG was observed for 13 to 24-year-old animals fed tannins,
which could be associated with the reduced DMI and CPI, despite the higher CP digestibility
and lower NH3-N reported for these animals. Therefore, to better utilize tannin-containing
feed, it would be better to avoid these diets for small ruminants older than 13–24 months
due to their negative effects on productivity. The initial weight was also a determinant
in the response to tannins, and lean animals (7–40 kg) showed lower ADG than animals
weighing more than 41 kg. Indeed, smaller animals could have prioritized energy for
maintenance over growth, especially because of low nutrient digestibility, which led to
low availability of energy for weight gain. The concentration of tannins in the diet affected
FBW, which increased significantly only at lower concentrations (0–20 g/kg DM). Thus,
to avoid low small ruminant growth performance, the initial weight and age of animals
should be considered when having tannin-based diets.

In contrast to the growth parameters, some physical quality characteristics were
affected. In this meta-analysis, tannins were found to increase meat pH, which may explain
the observed increase in water-holding capacity. According to Warner [49], meat with a
higher pH has a better water retention capacity. Higher meat pH and WHC decrease the
loss of soluble nutrients and prevent poor meat quality [50]. A decrease in drip loss was
expected because of the strong negative correlation between drip loss and water-holding
capacity [50]. Moreover, despite the higher water-holding capacity of the meat of small
ruminants fed tannin-based diets, the moisture content was similar between the groups.
Similarly, dietary tannin did not affect the nutritional parameters of meat, such as ash,
protein, and fat.
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Color and WBSF-related tenderness are the most important attributes that attract
consumers and determine the quality of meat cuts [50]. Meat color is mainly affected by
fat and the conversion of oxymyoglobin to metmyoglobin [51]. In particular, L* and a*,
contrary to other meta-analyses [52], were not significantly increased by dietary tannin.
Several studies have reported a positive correlation between b* and fat content in meat,
and the absence of an effect of tannins on b* can be explained by their absence in meat
fat. Increased tenderness can be attributed to the production of reactive oxygen species
(ROS), which increase the degradation of toughness-related structural proteins [53]. The
improvement in antioxidant activity by helping animals fight ROS usually increases the
rate of collagen turnover [54] or postmortem proteolysis of cytoskeletal proteins, which is
mediated by calpain enzymes when animals are exposed to ROS [55]. In this meta-analysis,
the absence of improvement in antioxidant activity following dietary tannin could explain
the lower WBSF, indicating functional and structural damage caused by ROS in muscle
cells and tissues.

4.4. Meat Fatty Acid Profile

In addition to their effects on the physical and chemical properties of meat, tannins
have a profound influence on the fatty acid profile. In the rumen, Butyrivibrio fibrisolvens
converts linoleic acid (LA, C18:2 ω6) to rumenic acid (an isomer of C18:2 c9t11) and rumenic
acid to vaccenic acid (C18:1 t11), whereas Butyrivibrio proteoclasticus converts vaccenic acid
to stearic acid [53]. Interestingly, in this meta-analysis, the inclusion of tannins in the diet
of small ruminants probably acted directly on Butyrivibrio fibrisolvens and inhibited the first
step of biohydrogenation, leading to enhanced linoleic acid. Some studies suggest that high
dietary intake of LA has been linked to reduced cardiovascular risk factors and improved
long-term insulin resistance [56]. LA intake may have adverse pro-inflammatory effects in
humans [57].

Moreover, our meta-analysis reported increased concentrations of α-linolenic, arachi-
donic, eicosapentaenoic, docosapentaenoic, docosahexaenoic, total ω3, and total PUFA
in the meat of small ruminants fed tannins. Epidemiological studies have associated the
dietary benefits of ω3 FA, including α-linolenic acid, EPA, and DHA, with reduced car-
diovascular disease and cancer risk [58]. However, the degree to which tannins affect this
process varies depending on their concentration and the continent on which they are added.
Subgroup analysis highlighted that meat containing increased C18:3 ω3 content is obtained
with high levels of dietary tannins (41–100 g/kg DM), while total ω3 content was higher
in Europe. These results could be due to recent efforts to fortify food in Europe with ω3
fatty acids [59], in addition to the adopted regulation number 116/2010, classifying and
organizing food as a source of high ω3 fatty acid content [60].

In contrast, in the endoplasmic reticulum membrane, fatty acids bypassed from the
diet and synthesized de novo are modified by desaturation and elongation. Palmitoleic
acid (C16:1 c9) and oleic acid (C18:1 c9) are the major fatty acids in cells and are synthesized
from palmitic and stearic acids, respectively, by the ∆9 desaturase enzyme (SCD gene) [61].
This enzyme is primarily involved in the synthesis of MUFA and PUFA from SFA, primarily
C18:1 c9 from C18:0 and C18:1 c9t11 from C18:1 t11 [61]. In subgroup analysis, C18:1
c9t11 levels were higher when tannins were administered to small ruminants in Asia.
This could be due to efforts to enhance the proportion of the most desired C18:1 c9t11
isomer, rumenic acid, by supplementing the C18:1 c9t11 precursor with vaccenic acid [62].
CLA has been associated with antiatherogenic, antidiabetogenic, anticarcinogenic, and
immunomodulatory properties [63].

In this meta-analysis, the absence of the tannin effect on ∆9 desaturase explains the
absence of variation in C18:0, C18:1 c9, C18:1 t11, C18:2 c9t11, total SFA, and total MUFA.
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Due to the absence of a desaturation metabolic pathway, the increase in PUFA is mainly
due to the inhibition of ruminal biohydrogenation.

5. Conclusions
The results of this meta-analysis indicate that dietary tannins improved dry mat-

ter intake, decreased nutrient digestibility, and had no impact on growth performance.
However, tannins affected nitrogen metabolism and increased fecal N at the expense of
urinary N, especially in North America, and the retained N was higher for younger animals
(1–6 months). Blood parameters did not vary, except for the observed decrease in blood
urea nitrogen. Despite what has been reported in previous reviews, subgroup analysis
showed no significant difference between goats and sheep in their response to tannins. The
best results for feed conversion ratio were achieved for animals with small initial weights
(7–40 kg). The final body weight increased with low tannin concentration (0–20 g/kg DM).
Concerning meat quality, tannins did not affect chemical (meat pH, moisture, protein, ash,
and fat) or physical (color (L*, a*, and b*), tenderness, cooking loss, WHC, except drip
loss) parameters. However, tannin supplementation enhanced the fatty acid profile by
increasing C18:2 ω6 and ω3 PUFA (ALA, EPA, DPA, and DHA), ARA, and PUFA. ALA was
improved by a high dietary tannin concentration (41–100 g/kg DM), while a lower tannin
concentration (0–20 g/kg DM) decreased ARA. Moreover, the FA profile varied according
to continent, and higher ω3 PUFA were found in Europe, whereas C18:1 c9t11 was higher
in Asia. To optimize the utilization of tannins, these factors should be considered when
formulating diets for small ruminants.
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