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Effects of monensin 
supplementation on lactation 
performance of dairy 
cows: a systematic review 
and dose–response meta‑analysis
M. R. Rezaei Ahvanooei 1, M. A. Norouzian 1*, A. H. Piray 2, P. Vahmani 3 & M. H. Ghaffari 4*

The aim of this study was to conduct a comprehensive review with meta‑analysis to determine 
the effects of the dose–response relationship between monensin supplementation and dairy cow 
performance and milk composition. Results from 566 full‑text articles and 48 articles with 52 studies 
were meta‑analyzed for pooled estimates. Monensin supplementation up to 23 ppm increased milk 
production, with the optimal dose being 12.6 ppm. Monensin supplementation at doses ranging from 
16 to 96 ppm increased milk production in the prepartum phase (− 28 to 0 day relative to calving). 
From 60 to 150 DIM, monensin supplementation up to 21 ppm had a significant positive effect on this 
outcome, while supplementation in the 37 to 96 ppm range caused a decrease in this variable. At 0 to 
60 and > 150 DIM, monensin supplementation had no effect on milk yield. At dosages of 22 to 96 ppm, 
12 to 36 ppm, and below 58 ppm and 35 ppm, respectively, monensin supplementation resulted in 
significant decreases in dry matter intake (DMI), milk protein percentage, milk fat percentage, and 
milk fat yield. Overall, based on the results of this meta‑analysis and considering all variables, the 
recommended optimal dose of monensin could be about 16 ppm.

The inclusion of feed additives such as antibiotics (ionophores or non-ionophores) to the diet to alter the fermen-
tation pattern in the rumen is one of the nutritional strategies used since the 1950s to improve feed efficiency in 
 ruminants1. Carboxylic ionophores, including lasalocid, monensin, salinomycin, narasin, and maduramycin, 
are used as growth stimulants in ruminants, with monensin being the most commonly used  agent2. Monensin 
disrupts transmembrane movement and intracellular balance of ions in certain classes of bacteria and protozoa 
found in the gastrointestinal  tract3 and triggers a selection mechanism for certain types of microorganisms, 
which may be beneficial to the host. However, the use of monensin can lead to resistance of certain bacterial 
strains to various antimicrobial agents, which is a major public health  concern4. Many studies have shown that 
monensin supplementation improves dry matter  intake5 and milk  yield6, prevents metabolic  diseases7,8, and 
reduces methane  emissions9. However, different optimal monensin doses have been recommended depending 
on experimental conditions.

Several studies have been published examining the effects of monensin on lactation performance of dairy 
cows, but results have been  inconsistent10,11. Several studies found an increase in milk  yield12–14, but others 
showed no  effect15,16. A number of factors can alter the response to monensin on milk production, including 
 herd17,  BCS13, and genetic  performance18,19. Similar inconsistency has been found in studies of the effects of 
monensin and dry matter intake (DMI). A meta-analysis is a useful tool to obtain accurate, reliable, and gener-
alizable results in different scientific fields. It provides a comprehensive analysis of the treatment effect, examines 
possible sources of heterogeneity in the response of animals to an independent variable, and identifies the possible 
limitations of the  study20. Two meta-analyzes have been conducted on the effects of monensin on dairy  cows10,11; 
both studies used the traditional meta-analysis framework.
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In traditional meta-analyzes, correlations between outcomes and doses used in a study are not considered. 
These correlations are considered in dose–response meta-analysis. In addition, it indicates the optimal level of 
the independent variable when non-linear relationships exist between outcomes. In addition, Duffield et al.10 did 
not perform a sensitivity analysis for the relevant studies included in the meta-analysis. Therefore, there could 
be one or more influential studies that could change the model result. In addition, this study did not consider 
parity as a potential source of heterogeneity. In addition, this meta-analysis was conducted in 2008. Because a 
substantial number of new studies were published between 2008 and 2021, a new meta-analysis is needed. A 
recently published meta-analysis by de Moura et al.11 is a standard meta-analysis with shortcomings, including: 
(1) they did not perform a sensitivity analysis and (2) their meta-analysis did not consider parity and year of pub-
lication of articles as possible sources of heterogeneity. There are two methods for dose–response meta-analysis, 
namely the one-stage method and the two-step method. Most previous studies have used the two-stage method. 
A dose–response meta-analysis using the two-stage approach requires at least three doses of the independent 
variable in each eligible study. In contrast, the one-stage dose–response meta-analysis includes eligible studies 
with two doses of the independent  variable21. In addition, the one-stage approach may provide more accurate 
insight into the sources of heterogeneity among studies. According to Crippa et al.21, the one-stage method can 
replace the traditional two-stage method in detecting truly curvilinear dose–response relationships. A one-
stage dose–response meta-analysis allows the complexity of the research question to be explored by including 
all eligible  studies21.

The hypothesis of this study was that monensin supplementation at optimal doses would significantly improve 
lactation performance in dairy cows. Due to the limitations of previous meta-analyzes and the need to deter-
mine the optimal dose of monensin supplementation, the present one-stage dose–response meta-analysis was 
conducted to investigate the effects of monensin supplementation on feed intake, milk yield and composition, 
body weight (BW), and body condition score (BCS) in dairy cows.

Materials and methods
Data sources. A literature search was performed in several databases, including Google Scholar, Scopus, 
Science Direct, and PubMed. The keywords used to search the databases were "dairy cow", "dairy cattle", "mon-
ensin", "ionophore", "performance", "milk yield", and "milk composition". A total of 566 studies were identified 
through database searches: Google Scholar (306), Scopus (158), Science Direct (73), and PubMed (29, Fig. 1). 
The first round of exclusion excluded studies conducted in goats (n = 30), lambs or sheep (n = 134), and buffaloes 
(n = 34), as well as duplicate studies (n = 124), leaving 244 studies suitable for the meta-analysis. In the second 
round of screening, 163 irrelevant articles were excluded and 81 articles remained. In these two stages, the title 
and, if necessary, the abstracts were reviewed. The final screening was performed to select eligible studies accord-

Figure 1.  Flowchart of the literature search, identification, and screening process for selecting studies (search 
conducted from April 2021 to October 2021).
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ing to the following criteria: (1) the study was conducted between 2000 and 2021, (2) the study used a control 
group without monensin supplementation, (3) the study reported at least one of the outcome variables listed, 
and (4) the study reported the mean values and associated error. Finally, 48 articles including 52 studies met the 
required criteria and were included in this meta-analysis. A summary of the details of the articles used in this 
meta-analysis is provided in Table 1. Outcome measures examined in our meta-analysis included DMI, milk 
yield, milk fat, milk protein, milk lactose, milk urea nitrogen (MUN), BCS, and BW.

Statistical analysis. In the present study, the mean difference was used as the effect size. Because of the 
superiority of the one-stage  method22, the one-stage random-effects meta-analysis approach was used to assess 
the potential non-linear relationship between dietary monensin supplementation and outcome variables. This 
was done using a restricted cubic spline with three knots at the fixed percentiles (10th, 50th, and 90th). An over-
all P value was calculated by testing that the two regression coefficients were simultaneously equal to zero. A P 
value of nonlinearity was calculated by testing that the coefficient of the second spline was equal to  021.

Heterogeneity between studies was measured by the variance partition  coefficient21. When a significant level 
of heterogeneity was found, subgroup analysis was conducted to examine the potential sources of heterogene-
ity. Several rules were followed when conducting subgroup analyzes: (1) each subgroup analysis must be based 
on sound scientific evidence, (2) analyzes were pre-defined, (3) the overall effect of the independent variable 
was significant, and (4) the subgroup analysis was conducted on data subgroups of the meta-analysis with het-
erogeneity of > 50% and ≥ 10  studies22. Potential factors that may influence dairy cow response to supplemental 
monensin include parity (multiparous, multiparous and primiparous, and primiparous), decade of article publica-
tion (2000–2010 and 2011–2021), the method of using monensin (total mixed ration, TMR), TMR-top dressed, 
controlled-release capsule, and other), type of diet (TMR, pasture, and others), protein and NDF content of the 
diet (divided into two categories based on median), number of cows per trial (sample size), number of DIM at 
the beginning of the trial (day − 28 to 0 (calving), 0 to 60, 60 to 150, and > 150), length of the trial period (divided 
into two categories based on median), and breed of cows (Holstein, Holstein × Friesian, and others). Publica-
tion bias was assessed using Begg’s funnel plot and Egger regression asymmetry for meta-analysis datasets with 
heterogeneity < 50% and ≥ 10  trials22.

Sensitivity analysis "leave-one-out approach, location of knots, and removing high monensin supplementation 
(> 48 ppm)" was performed to evaluate the robustness of the  results22. In the spline model, the position of the 
knots may affect the results obtained. Therefore, we tested the sensitivity of the estimated curves to the position 
of the knots. To do this, we examined alternative knot locations, including various combinations of the 10th, 
25th, 50th, 75th, and 90th percentiles of the total dose distributions. The results showed that the estimated curves 
were not sensitive to the location of the knots. Statistical analyzes were performed using the dosresmeta and 
metafor packages in R software (https:// www.r- proje ct. org/). A P ≤ 0.05 was considered statistically significant.

Results
Pre‑analysis superficial review. Figure 2 and Supplemental Table S1 provide general information about 
the effect of monensin supplementation on outcome variables. The corresponding studies examined various dos-
ages of monensin supplementation ranging from 0 to 96 ppm. The figure also shows that most of the monensin 
dosages studied had no effect on the outcome variables. Monensin supplementation appeared to have the great-
est effect on DMI and milk yield, while other outcomes were less affected.

Effect on DMI. Forty-seven eligible articles, including 51 studies, were included in the analysis to evaluate 
the effects of monensin supplementation on DMI. The results showed a significant effect of monensin sup-
plementation on DMI (P = 0.04). Dry matter intake was significantly decreased by increasing the monensin 
dose from 22 to 96 ppm (Fig. 3A). Leave-one-out analysis did not reveal any influential study that changed the 
results of the model. In addition, the overall trend of the association did not change when the monensin dose 
was removed above 48 ppm and the location of the knots. These tests of sensitivity analysis indicate that the 
results are statistically robust. No significant heterogeneity was observed for this outcome measure (heterogene-
ity < 50%). In addition, publication bias was not significant (P > 0.10, Fig. 4A).

Effect on milk yield. Forty eligible articles, including 43 studies, examined the effects of monensin sup-
plementation on milk yield. A significant non-linear association was found between monensin supplementation 
and milk yield (P < 0.01). Increasing monensin supplementation dose up to 23 ppm linearly increased milk yield, 
and supplementation from 24 to 38 ppm monensin had no significant effect on this variable. In contrast, monen-
sin supplementation above 38 ppm caused a significant decrease in milk yield (Fig. 3B). The results suggest that 
the optimal dose of monensin supplementation to maximize milk yield was 12.61 ppm. The sensitivity analysis 
of "leave one out, remove doses above 48 ppm, and knots location" did not change the model result. There was 
high heterogeneity among studies in terms of milk yield (heterogeneity > 50%) and therefore, to explore the 
causes, subgroup analysis was performed for decade of publication, parity, method of using monensin, type of 
feed, protein and NDF content of the diet, length of experimental period, and breed of cow. Subgroup analysis 
revealed that of all these potential factors, only the effect of DIM was significant (P < 0.001). Accordingly, mon-
ensin supplementation at doses ranging from 16 to 96 ppm significantly increased milk yield in the pre-partum 
phase (− 28 to 0 day relative to calving). From 60 to 150 of DIM, monensin supplementation up to 21 ppm had 
a significant positive effect on this outcome; dosages of 22 to 36 ppm monensin were not effective, while its sup-
plementation in the 37 to 96 ppm range reduced milk yield. No significant effect of monensin supplementation 
was observed at 0 to 60 and > 150 DIM. No publication bias was observed for milk yield (P > 0.10, Fig. 4B).

https://www.r-project.org/
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Author Studies DMa Methodb

Diet

TC No.c DIMd EDe Parity Breed OutcomesType CPab (%) NDFac (%)

Phipps et al. 
(2000)14 1 7.77/15.95/23.8 TMR-top TMR 19.2 36.1 60 49 140 M HFk DMI, MY, F, P, L

Ruiz et al. 
(2001)52 1 18.32 TMR TMR 18.1 51.4 30 126 17 M H DMI, MY, F, P, 

MUN

Vallimont et al. 
(2001)53 1 12.65 TMR-top TMR 17.8 33.2 60 − 28 92 M H DMI, MY, F, P, L, 

MUN, BCS

Mutsvangwa 
et al. (2002)54 2 14.56/22 CRC/TMR TMR 17.9 38.7 6 81/150 42 M H DMI, MY, F, P, L, 

MUN

Osborne et al. 
(2004)55 1 22 TMR TMR 17.7 40.6 6 135 35 M H DMI, MY, F, P, L

Erasmus et al. 
(2005)56 1 10 TMR TMR 18.1 31.2 60 −  21l 77 M HF DMI, MY, F, P, L, 

MUN, BW, BCS

Eifert et al. 
(2005)57 1 33 TMR TMR 18.2 35.9 16 30 84 M HZp DMI, MY, F, P, L, 

BW, BCS

Van Vugt 
(2005)58 2 17.48/18.07 CRC P + CS/P +  WCq 7.6/27.2 42.7/27.6 32 150 17 M HF DMI, F, P

Bell et al. 
(2006)59 1 24 TMR TMR 17.3 45.1 28 213 15 P & M H DMI, MY, F, P, L

Benchaar et al. 
(2006)32 1 16 TMR TMR 18.6 35.8 4 98 112 NA H DMI, F, P, L, 

MUN, BW

Odongo et al. 
(2007)9 1 24 TMR TMR 18.2 34.4 24 92 180 P & M H DMI, MY, F, P

Martineau et al. 
(2007)60 1 24 TMR TMR 17.8 28.9 6 90 105 M H DMI, MY, F, P, L, 

MUN, BW

Yang et al. 
(2007)61 1 16.58 TMR TMR 15.8 32.2 4 113 84 NA H DMI, F, P, L, BW

Karcher et al. 
(2007)62 1 12.5 TMR-top TMR 13.4 46.7 18 − 28 84 M H DMI, MY

Erasmus et al. 
(2008)33 1 15 TMR TMR 16.6 29.1 40 − 21 81 M H DMI, MY, F, P, 

MUN, BW, BCS

AlZahal et al. 
(2008)63 1 22 TMR TMR 17.7 35.5 72 138 49 P & M H DMI, MY, F, P

Grainger et al. 
(2008)64 1 13.25 CRC Pasture 16 49 60 46 100 P & M HF MY, F, P, L

Chung et al. 
(2008)65 1 15.52 TMR-top TMR 17.2 33.8 85 − 28 84 M H DMI, MY, F, P, L, 

MUN, BW, BCS

Gehman et al. 
(2008)66 1 14.85 TMR-top TMR 16.3 33.4 20 101 112 M H DMI, MY, F, P, L, 

MUN, BW, BCS

Martinez et al. 
(2009)67 2 11.07/10.63 TMR-top TMR 16.9/16.5 31.7/31.4 8 104/139 112 M H DMI, MY, F, P, L, 

MUN, BW

Petit et al. 
(2009)68 1 16 TMR TMR 14.7 34.3 4 190 112 M H DMI, MY, F, P, L, 

MUN, BW

Fatahnia et al. 
(2010)69 1 10/20/1930 TMR TMR 15.8 31.9 4 101 84 M H DMI, MY, F, P

Gandra et al. 
(2010)34 1 24/48 TMR TMR 16.77 39.46 12 157 57 NAm H DMI, F, P, L, BW, 

BCS

Grainger et al. 
(2010)70 1 23.43 top-dressed Pasture 18.4 42 20 51 40 M HF DMI, MY, F, P, L

Hamilton et al. 
(2010)71 2 21.81/21.35 TMR-top TMR 17.2 29 18 103 14/60 P H DMI, MY, F, P, L, 

MUN

Baumgard et al. 
(2011)72 1 24.28 TMR-top TMRf 18.8 37.6 36 89 28 Mg Hh DMIt,  MYu,  Fv, 

 Pw,  Lx

Mathew et al. 
(2011)26 1 12 TMR TMR 15.1 37.5 6 194 126 NA H DMI, F, P, L, 

MUN, BW, BCS

He et al. (2012)73 1 17.5 TMR TMR 17 29.3 56 48 147 P & M H DMI, MY, F, P, L, 
MUN, BW, BCS

Gandra et al. 
(2012)27 1 24/48 TMR TMR 16.8 35 12 157 63 NA H DMI, F, P, L, 

MUN

Abdi et al. 
(2013)74 1 24 TMR TMR 16.2 35.5 4 83 84 M H DMI, MY, F, P, L

Khodamoradi 
et al. (2013)75 1 24 TMR TMR 16.9 31.6 4 86 84 M H DMI, MY, F, P, L

Akins et al. 
(2014)35 1 18 TMR TMR 18.2 28.4 128 90 28 Pj & M H &  HJi

DMI, MY, F, P, 
L, MUN,  BWz, 
 BCSaa

Rico et al. 
(2014)76 1 16.6 TMR-top TMR 18.3 28.2 16 183 10 M H DMI, MY, F, P

Continued
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Effect on milk fat percentage and yield. Forty-seven articles with 51 studies were included in the meta-
analysis on the effect of monensin on milk fat. A relatively linear association was observed between monensin 
supplementation and milk fat (P = 0.001). The percentage of milk fat decreased significantly when monensin was 
added to the diet up to 51 ppm, and its effect at the doses from 52 to 96 ppm was not significant (Fig. 3C). A rela-
tively linear association was also found between the addition of monensin and milk fat yield (P = 0.009; Fig. 3D). 
The addition of monensin at doses 21–31 significantly reduced this result, and outside this range the effect 
of monensin was not significant. No significant heterogeneity (heterogeneity < 50%) and no publication bias 
(P > 0.10) were observed for milk fat percentage (Fig. 4C) and yield (Fig. 4D). Leave-one-out analysis, removal 
of a high dose of monensin, and knots location did not alter the outcomes of the models with respect to these 
results.

Effect on milk protein percentage and yield. Forty-seven articles with 51 studies were included in this 
meta-analysis. This meta-analysis revealed a relatively linear relationship between monensin supplementation 
and milk protein content (P = 0.01). Monensin supplementation at doses ranging from 12 to 36 ppm resulted in 
a significant decrease in milk protein percentage (Fig. 3E), and outside this range, the effect was not significant. 
Leave-one-out analysis did not identify an influential study. Excluding the data point above 48 ppm monensin 
from the analysis and the location of the knots also did not change the results. Low heterogeneity was found 
for this result (heterogeneity < 50%). For milk protein percentage, the funnel plot and Egger’s regression test 
indicated significant publication bias (P = 0.04), suggesting that the results should be interpreted with caution 
(Fig. 4E).

Author Studies DMa Methodb

Diet

TC No.c DIMd EDe Parity Breed OutcomesType CPab (%) NDFac (%)

McCarthy et al. 
(2015)43 1 22.5 TMR-top TMR 13 42.9 70 1 63 P & M H DMI, MY, F, P, L, 

MUN, BW, BCS

Do Prado et al. 
(2015)77 1 16 TMR TMR 18.8 29.2 4 95 112 M H DMI, MY, F, P, L, 

MUN

Hagen et al. 
(2015)78 1 18 TMR TMR 16.2 29.5 128 104 70 P & M H & HJ DMI, MY, F, P, L, 

MUN, BW, BCS

Vendramini 
et al. (2016)4 1 24 TMR TMR 17.26 34.12 24 175 112 M H DMI, MY, F, P, L, 

 MUNy

de Jesus et al. 
(2016)36 1 22 TMR TMR 15.7 36.9 24 150 63 M H DMI, MY, F, P, L, 

MUN

Benchaar 
(2016)79 1 24 TMR TMR 18.2 30.1 8 71 112 M H DMI, MY, F, P, L, 

MUN

Azarfar et al. 
(2016)80 1 24 TMR TMR 16.9 31.6 4 133 84 M H DMI, MY, F, P, L, 

MUN, BCS

Schären et al. 
(2017)81 1 19.5 CRC n TMR 13.4 37.2 15 − 21 77 P & M H DMI, MY, F, P, 

MUN, BW, BCS

Kozerski et al. 
(2017)25 1 24 TMR TMR-Pasture 19 59 16 120 28 M HGo DMI, MY, F, P, L, 

MUN, BW, BCS

Ghizzi et al. 
(2018)5 1 22 TMR TMR 16.4 29 36 201 42 M H DMI, MY, F, P, L

Santos et al. 
(2019)23 1 12/24/1948 TMR-top TMR 18.08 34.09 12 135 84 M H DMI, MY, F, P, 

MUN, BW, BCS

Costa et al. 
(2020)24 1 96 Mix in concen-

trate P +  Cs 14.6 43.5 8 202 84 M H DMI, MY, F, P, L

Grigoletto et al. 
(2021)6 1 20 TMR TMR 16.9 38.8 40 187 63 NA H DMI, F, P, L, 

MUN

e Silva et al. 
(2021)2 1 24 TMR TMR 16.4 31.6 8 100 84 NA Jr DMI, F, P, L, 

MUN, BW, BCS

Vasquez et al. 
(2021)51 1 15.62 TMR TMR 18.55 37.76 102 − 21 105 P & M H DMI, MY, F, P, L, 

MUN, BW, BCS

Table 1 .  Summary of studies used in the meta-analysis on the effect of monensin supplementation in dairy 
cows. a Dosage of monensin (mg/kg DM). bMethod of monensin supplementation. cTotal cows’ number. dDays 
in milk at treatment start. eExperiment duration (d). fTotal mixed rations. gMultiparous. hHolstein. iHolstein 
and Holstein × Jersey. jPrimiparous. kHolstein–Friesian. lThe "–" sign on the number indicates the days before 
calving. mNot available. nControlled-release capsule. oHolstein-Gyr. pHolstein-Zebu. qPasture + Corn silage/
Pasture + White clover. rJersey. sPasture + concentrate. tDry matter intake. uMilk yield. vMilk fat. wMilk protein. 
xMilk lactose. yMilk urea nitrogen. zBody weight. aaBody condition score. abCrude protein. acNeutral detergent 
fiber.
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A J-shaped relationship was observed between supplemental administration of monensin and milk protein 
yield (P < 0.001; Fig. 3F), and the estimated optimal dose of monensin was 13.50 ppm. Moreover, the effect of 
monensin was significant up to a dose of about 24 ppm, above which it was not significant. No significant het-
erogeneity (heterogeneity < 50%) and publication bias (P > 0.10) were observed for milk protein yield (Fig. 4F). 
Based on leave-one-out analysis, study No.  523 was a highly influential study. Their exclusion changed the model 
result; all doses of monensin addition resulted in increased milk protein yield. Our results also suggest that an 
80% dose (13.87 ppm) is sufficient to maximize milk protein yield. However, removal of doses above 48 ppm 
did not affect the model result for this outcome.

Effect on milk lactose percentage. Thirty-eight eligible articles with 41 studies were included in this 
analysis. Although there was a relatively linear relationship between monensin supplementation and milk lac-
tose percentage, only monensin supplementation at doses ranging from 16 to 96 ppm resulted in increase (trend, 
P = 0.06) in milk lactose percentage (Fig. 3G). Based on the results of the leave-one-out analysis, study No.  4124 
with a dose of 96 ppm monensin was identified as an influential study. When this study was excluded from the 
analysis, the overall P value of the model changed from < 0.001 to 0.0552, indicating that monensin supplemen-
tation tends to increase lactose content (Fig. 3G). Heterogeneity for milk lactose was low (heterogeneity < 50%). 
No publication bias was detected in this analysis (P > 0.10, Fig. 4G).

Effect on MUN. For MUN, twenty-nine articles with 32 studies were included in the meta-analysis. Accord-
ing to the results, monensin supplementation linearly increased MUN content (P < 0.001, Fig. 3H). In the leave-
one-out analysis, studies No.  423,  1125,  1426, and  2727 were found to be influential. Exclusion of these studies from 
the analysis did not change the statistical significance of the original model, but did change the estimated effect 
sizes. Monensin supplementation at 13 to 30 ppm dose range increased MUN, and other doses of monensin had 
no significant effect. Because of the lack of studies with doses greater than 48 ppm, the sensitivity analysis for 
high doses (> 48 ppm) of monensin supplementation was not performed. The heterogeneity index for MUN was 
low (heterogeneity < 50%), and there was no significant publication bias (P > 0.10, Fig. 4H).

Effect on BCS and BW. Eighteen studies were used for the meta-analysis by BCS. This analysis found no 
association between additional monensin intake and BCS (Fig. 3I). No influential study was identified in the 
leave-one-out analysis, indicating the consistency of the results obtained. No study examined the effects of a high 
dose (> 48 ppm) of monensin on BCS. There was no evidence of significant heterogeneity (heterogeneity < 50%) 
and publication bias (P > 0.10) for this result (Fig. 4I).

Twenty-one articles involving 22 studies were included in the meta-analysis to evaluate the effect of monen-
sin addition on BW. The results showed that the addition of monensin had no significant effect on BW of dairy 
cows (Fig. 3J). Leave-one-out analysis did not change the estimates. There was no study with a higher dose than 
48 ppm, so the sensitivity analysis for high doses of monensin (> 48 ppm) was not performed. No significant 
heterogeneity (heterogeneity < 50%) and no publication bias (P > 0.10) were observed for this result (Fig. 4J).

Figure 2.  Percent effectiveness of "examined monensin doses" on outcomes in dairy cows. The effect was 
considered significant if the overall P value of the model was less than 0.05. Numbers in parentheses preceding 
results indicate the number of studies that examined the above dose ranges, separated by the slash ’/’.
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Figure 3.  Dose–response association between monensin supplementation and (A) dry matter intake (kg/day), 
(B) milk yield (kg/day), (C) milk fat percentage, (D) milk fat yield (kg/day), (E) milk protein percentage, (F) 
milk protein yield (kg/day), (I) milk lactose percentage, (G) milk urea nitrogen (mg/dL), (K) body condition 
score, and (L) body weight (kg). The solid line and the dashed lines represent the estimated mean difference and 
its 95% confidence intervals.
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Figure 4.  Contour-enhanced funnel plots of studies investigating the association between monensin 
supplementation and (A) dry matter intake (kg/day), (B) milk yield (kg/day), (C) milk fat percentage, (D) milk 
fat yield (kg/day), (E) milk protein percentage, (F) milk protein yield (kg/day), (I) milk lactose percentage, (G) 
milk urea nitrogen (mg/dL), (K) body condition score, and (L) body weight (kg). Dotted lines represent 95% 
pseudo-confidence interval. SE standard error.
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Discussion
Monensin is an ionophore produced by Streptomyces cinnamonensis28. It is often classified as an antibiotic because 
it interferes with ion transport across cell membranes, resulting in alteration of the rumen bacterial population 
through selective bacteriostatic  action28. It has long been known that monensin improves digestive efficiency 
and energy metabolism by inhibiting Gram-positive bacteria rather than Gram-negative  bacteria29. This change 
in rumen bacterial populations has several implications for ruminant metabolism. The ability of the molecule to 
alter rumen fermentation to increase the production of propionic acid and decrease the molar fractions of butyric 
acid, acetic acid, and carbon losses in the form of carbon dioxide and methane improves feed  efficiency28,29.

Monensin supplementation in lactating dairy cows has been studied extensively. However, Arnqvist et al.30 
noted that each study alone is of little value unless it is compared with similar studies. Meta-analysis involves 
summarizing the results of appropriate studies on a topic using statistical  methods31. This meta-analysis summa-
rizes the results of published articles from 2000 to 2021 on the effects of monensin supplementation in lactating 
dairy cows. The present meta-analysis showed that supplemental administration of monensin altered the per-
formance parameters of dairy cows. There was a J-shaped association between monensin supplementation and 
milk yield, and supplementation as low as 23 ppm had a significant positive effect on milk yield. Monensin sup-
plementation in the range of 24 to 38 ppm had no statistically significant effect, and milk yield decreased linearly 
with doses above 38 ppm. The optimal dose was estimated to be 12.61 ppm. A significant degree of heterogeneity 
was found in this result. Subgroup analysis indicated that DIM could influence the effectiveness of monensin.

A J-shaped relationship was found between monensin supplementation and milk fat percentage. In addi-
tion, there was a linear relationship between monensin supplementation and the percentage of milk protein and 
lactose. Milk fat and protein percentage decreased linearly with monensin addition in the ranges of 0 to 58 and 
12 to 36 ppm, respectively. However, as the monensin dose was increased from 16 to 96 ppm, the percentage of 
milk lactose tended to increase. The results also showed that the addition of monensin resulted in an increase 
in milk protein yield, while the addition of monensin at a dosage of 21 to 31 ppm reduced milk fat yield. The 
relationship between monensin addition and DMI was also J-shaped, with monensin addition at doses above 
22 ppm reducing DMI.

The literature indicates that dairy cow responses to monensin supplementation were not consistent. Addition 
of 8 to 48 ppm monensin to the diet of dairy cows resulted in changes in milk yield ranging from − 1.3 to 2.8 kg/
day. Addition of monensin at 15 to 18 ppm resulted in maximum milk yield, and cows receiving the highest 
monensin dose gave the lowest milk  yield9,23,32–36. Meta-analysis of 77 studies found that supplemental monensin 
increased milk yield by only 0.7 kg/day10.

The effects of monensin supplementation on milk protein percentage and milk yield were also inconsistent 
in previous studies. According to Akins et al.35, the addition of monensin decreased milk protein percentage, 
but milk protein yield remained unchanged. However, Benchaar et al.32 reported that neither milk protein yield 
nor percentage changed with monensin supplementation. A previous study of 3577 dairy cows showed that sup-
plemental monensin increased milk protein yield while protein percentage remained  unchanged36. In contrast, 
the meta-analysis by Duffield et al.10 found that the addition of monensin decreased milk protein percentage.

Similar to this study, inclusion of low to moderate levels of monensin in the diets of dairy cows was found to 
decrease milk fat yield and milk fat percentage in several previous  studies23,32,33,37,38. Interestingly, milk fat yield 
remained unchanged at moderate to high monensin inclusion, and milk fat percentage remained unchanged or 
 decreased23,35,36. This meta-analysis confirms the results of the meta-analysis by Duffield et al.10, who reported that 
dietary monensin supplementation resulted in a lower milk fat percentage. This decrease in milk fat percentage 
could be due to the dilution effect resulted from increased milk volume  production32.

Monensin has been shown to increase the production of propionate, a glucogenic precursor, and therefore 
may contribute to a reduction in energy loss during feeding, which could increase glucose and lactose synthesis, 
leading to improved milk  yield9. In addition, monensin decreased the deamination of amino acids in the rumen, 
which decreased the NH3 concentration in the rumen and increased the escape and absorption of gluconeogenic 
amino acids, which in turn increased the availability of glucose for milk production and  lactose39,40.

Similar to our findings, Ipharraguerre et al.41 reported a 1.5% decrease in DMI in 14 ionophore experiments, 
while Santos et al.23 reported an 18% or 3.58 kg/day decrease in DMI in lactating dairy cows supplemented with 
high levels (48 mg/kg DM) of monensin. The addition of monensin to a TMR diet at concentrations ranging from 
8 to 33 ppm also decreased  DMI42. Conversely, the addition of monensin had no effect on DMI in light lactating 
dairy  cows32. However, in early lactating dairy cows, the addition of monensin increased DMI by 5%43. Benchaar 
et al.32 and Ipharraguerre et al.41 indicate that the effect of monensin on DMI depends on the stage of lactation, 
the status of energy balances, the level of monensin administration, and the number of animals used in the study.

The findings from our meta-analysis suggest that monensin supplementation could increase milk urea con-
centration. However, Duffield et al.44, reported no effects of monensin supplementation on milk urea in a meta-
analysis study. Mullins et al.45 also found an increase in MUN in multiparous Holsteins when 400 mg/day 
monensin was administered through the feed. Mullins et al.45 did not provide a clear explanation for the higher 
concentration of MUN after monensin administration. Mammi et al.29 reported higher MUN with monensin 
supplementation and attributed this to reduced microbial degradation and higher flux of undegraded proteins 
into the intestine and the resulting higher contribution of dietary AA absorbed from the small intestine to the 
profiles of milk AA. This explanation was also supported by the higher blood urea  levels43,45, and lower ammo-
nia levels in the rumen fluid of monensin-treated  cows46. Feeding monensin to dairy cows has been shown to 
reduce deamination from 27 to 17 nmol ammonia mg/protein/min47. Blood urea nitrogen distributes freely 
throughout body fluids, including milk. Thus, this proposed mechanism may explain why MUN was higher in 
cows receiving  monensin45.
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It has been reported that the addition of 27 to 33 ppm monensin to the diet of dairy cows causes an increase 
in CP digestion in the small intestine by inhibiting the ruminal protein  degradability42,48. Moreover, McGuffey 
et al.3 found that supplementation with monensin reduced protein degradation, ammonia accumulation, and 
microbial nitrogen in rumen fluid in vitro. These results indicate that more dietary protein reaches the small 
intestine and consequently more amino acids are absorbed by the small intestine when dairy cows’ diets are sup-
plemented with monensin. The higher rate of AA absorption may contribute to increased gluconeogenesis from 
nonessential AA, possibly increasing milk protein synthesis, lactose synthesis, and mammary gland  efficiency49.

Moreover, Mammi et al.29 found that urea synthesis in the liver increased with monensin treatment because 
the lower lipid accumulation in hepatocytes improved liver functionality. Lower triglycerides accumulation in 
the liver of monensin-treated cows in early and mild lactation has been  noted16,43. These results are supported by 
the higher mRNA abundance of carnitine palmitoyl transferase 1 in the liver, the slower accumulation of triglyc-
erides in the  liver45, and the better conversion rate of propionate to glucose in monensin-supplemented  cows43.

The results of this meta-analysis showed no significant effect of monensin supplementation on BW and 
BCS. Consistent with our results, feeding monensin premix did not alter  BCS35,50. Also, according to Vasquez 
et al.51, neither total BW nor postpartum BCS was affected by diet type or monensin supplementation. How-
ever, the meta-analysis conducted by Duffield et al.10 found an improvement in BCS and BW with monensin 
supplementation.

Conclusions
This comprehensive review and meta-analysis examined the existing literature on the effects of monensin sup-
plementation on performance and milk composition of dairy cows. The results showed that supplementation with 
monensin up to 23 ppm increased milk production, and the estimated optimal dose of monensin was 12.61 ppm. 
The response of milk production to monensin supplementation varied according to DIM. In addition, monensin 
supplementation significantly decreased DMI, milk protein, milk fat, and milk fat yield at doses of 22 to 96 ppm, 
12 to 36 ppm, and below 58 ppm and 35 ppm, respectively. All monensin doses increased milk protein yield, 
and an 80% dose (13.87 ppm) is sufficient to maximize milk protein yield. In addition, supplementation with 
monensin at doses ranging from 13 to 30 ppm increased MUN. It tended to increase the lactose content of milk 
and had no effect on BCS and BW. Overall, the optimal dose of monensin could be 16 ppm.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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